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Chapter 1 
 
General introduction 
 
Seagrass meadows and sand dunes, which are widely distributed in coastal areas around the 
world, are habitats of great ecological, cultural and economic value, and provide a large number of 
valuable goods and services (Mitsch & Gosselink 2000; Thayer et al. 2003; Martinez et al. 2007). 
These habitats present a heterogeneous and highly dynamic structure, shaped by a wide range of 
natural and anthropogenic factors operating at various scales (Stallins & Parker 2003; Larkum et al. 
2006). Both dune vegetation, which plays a fundamental role in dune stabilization, and seagrass 
populations experience multiple environmental gradients and are subjected to many simultaneous 
abiotic and biotic stress factors and disturbance events (Carter 1989). One of the main factors 
influencing plant ecology in coastal habitats is sediment accretion, a recurring event which has a 
strong impact on the composition, density and distribution of seagrass meadows (Cabaço et al. 
2008) and dune communities (Maun 1998, 2004, 2009). Burial by deposed sediment may affect 
vegetation directly, by mechanically damaging structures and preventing photosynthesis, or 
indirectly, by modifying environmental attributes (nutrient content, moisture, temperature, aeration; 
Maun 1998; Guidetti & Fabiano 2000; Eldridge et al. 2004). Plants inhabiting coastal habitats have 
evolved physiological or developmental adaptations that enable them to withstand sediment 
accretion up to a threshold that is species-specific (Maun 1998, 2004, 2009; Cabaço 2008). Many 
dune species and some seagrasses are able of emerging from the sediment cover by elongation 
vertical organs (stems, shoots, vertical internodes, leaves, leaf sheaths) or increasing branching and 
leaf production (e.g. Sykes & Wilson 1990; Marbà & Duarte 1994, 1995; Marbà et al. 1994; Duarte 
et al. 1997; Maun 1998; Gilbert & Ripley 2008, Gilbert et al. 2008). This stimulation in growth 
(“reactive growth response”, Maun 1998) is usually observed at low or moderate burial levels (up to 
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50% of plant height), while higher levels of burial are generally detrimental for plant performance, 
and only a few species are capable of withstanding prolonged burial levels superior to their height 
(Maun 1998, 2004, 2009; Cabaço 2008). No response to burial (neutral response) or inhibition in 
growth (negative response) have also been reported for less tolerant species. In particular, many 
seagrass species are considered highly vulnerable to this kind of disturbance, since detrimental 
effects, such as increased shoot mortality and lower biomass production, are evidenced even at low 
burial levels. Intense sediment dynamics resulting in excessive burial have been linked with 
widespread seagrass losses reported worldwide (Cabaço et al. 2008).  
Substantial variations in tolerance ability can occur within species in function of life history stage, 
plant size and experimental conditions (Marbà & Duarte 1994, 1995; Marbà et al. 1994; Maun 
1998, 2004, 2009). Most importantly, the performance of plants subjected to burial could be 
influenced by co-occurring abiotic factors, which could give rise to complex non-additive effects 
(“ecological surprises”, sensu Paine 1998; Sala et al. 2000, Christensen 2006). Currently, 
information on the potential role of multiple abiotic factors in burial response of coastal plants is 
still scant (Cabaço et al. 2008; Gilbert & Ripley 2010; Ooi et al. 2011). It has been suggested that 
nutrients in sediments could play an important role in plant ability to tolerate burial. Recent 
experimental evidence suggests that burial response of mobile sand dune species could be strongly 
nutrient-limited (Gilbert et al. 2010). The potential role of nutrient availability in burial response 
has not been assessed in seagrassess; however, the positive response to sediment fertilization 
observed in some species (enhanced rhizome elongation, growth of leaves and shoots and biomass 
production; Romero et al. 2006), suggests that resources could increase seagrass ability to emerge 
from the burial cover. On the other hand, increased nutrient supply in the sediments could facilitate 
the establishment of sediment anoxia that, in combination with the suspension of plant 
photosynthetic activity induced by burial, may result in exposure of the leaf meristems to sulfides 
and consequent plant death (Borum et al. 2005). Clonal growth, which is a widespread feature of 
coastal plants (van Groenendael et al. 1996) and enhances plant fitness in high-stress habitats, could 
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play a significant role in plant burial response as well. Clonal integration, i.e. the sharing of 
resources, such as water, sugars or nutrients, between ramets interconnected along a rhizome 
(Jónsdóttir & Watson 1997), could promote growth and survival of parts of a clone experiencing 
local burial stress. However, experimental evidence of a mediating role of inter-ramets resource 
transfer has currently been found only for a few dune species (Bach 2000, 2001; Yu et al. 2002, 
2004; Chen et al. 2010) and two tropical seagrass species (Ooi et al. 2011). Lastly, even if it is well 
known that natural environments are spatially and temporally heterogeneous at a variety of scales 
(Levin 1992), which are often relevant to plants, the possible effect of local environmental factors 
in burial and nutrient response has rarely been evaluated. 
A comprehensive knowledge of the adaptations of coastal plants to burial disturbance and the 
factors potentially affecting these adaptations is not only essential for understanding the 
mechanisms which underlie coastal ecosystem functioning, but it is also acquiring relevance in the 
face of global anthropogenic change, which threatens coastal areas around the world (e.g. Brown & 
Mc Lachlan 2002; van der Meulen et al. 2004; Feagin et al. 2005; Harley 2006; Duarte et al. 2008; 
Maun & Fahselt 2009; Waycott et al. 2009). Burial, and abiotic factors potentially influencing 
burial response, such as nutrient enrichment and clonal fragmentation, may be simultaneously 
altered by a wide range of anthropogenic activities, including land reclamation, coastal 
infrastructure development, alterations of sedimentation dynamics, organic and pollutant input, 
dredging, recreational activities and fishing (e.g. Ellison & Stoddart 1991; Jackson et al, 2001; 
Adam 2002; Duarte 2002; Bellwood et al. 2004; Lotze et al. 2006; Orth et al. 2006), which in the 
recent decades have increased at unprecedented rates (Terrados et al. 1998; Duarte 2002; Ruiz & 
Romero 2003; Schlacher et al. 2007). Moreover, global change scenarios suggest that the severity 
of sediment burial and the frequency of physical disturbances will be enhanced by an increase in the 
frequency and intensity of extreme meteorological events such as storms and hurricanes (Easterling, 
2000; Harley et al. 2006; Gornish & Miller 2010). Therefore, detailed information on burial 
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tolerance thresholds and adaptive strategies of coastal plants is critical for establishing effective 
management strategies of coastal habitats. 
In order to increase available information of this critical topic, the present study aimed at 
investigating burial response, and the role of nutrient availability and clonal integration in burial 
tolerance, in two ecologically relevant coastal clonal species, the seagrass Cymodocea nodosa 
(Ucria) Ascherson and the dune herbaceous species Sporobolus virginicus Kunth in a 
Mediterranean locality. The two species are perennial rhizomatous plants with a similar clonal 
architecture and analogous reproductive modalities, and play an important ecological role as 
pioneer species with the ability to rapidly colonize unvegetated areas of the substrate (see Chapter 2 
for species description).  
The effects of burial on S. virginicus have not been experimentally investigated yet, while burial 
tolerance of C. nodosa has only been assessed through laboratory experiments on juvenile 
individuals (Marbà & Duarte 1994; Terrados et al. 1997) and descriptive studies on natural seagrass 
patches subject to cyclic burial disturbance (Marbà et al. 1994; Marbà & Duarte 1995).  
In the present research the separate and combined effects of burial and nutrient availability were 
examined on young clones which were representative of plants established in nature from clonal 
fragments generated by physical disturbances. The study required a preliminary phase in which a 
number of individuals of both species was produced from nursery-regenerated plants, in order to 
obtain plant material of homogeneous physiological and ontogenetic status and to minimize the 
impact on existing populations which are currently protected by national and European legislation 
(Habitats Directive 92/43/EEC). These plants would be of sufficient size to survive and grow in the 
field, and as homogeneous as possible in terms of size, age, origin and growth conditions, in order 
to avoid possible confounding of natural variability with the effects of different experimental 
treatments.  
On these bases the main objectives of this study have been to: 
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i) develop novel and non-destructive propagation techniques since effective propagation 
techniques are lacking for C. nodosa e S. virginicus (Chapter 3 and Chapter.4); 
ii) analyse how increased nutrient availability, burial and the interactive effect of the two 
factors affect survival and growth of young clones and which strategies are involved in 
the species response to burial and nutrients through factorial field experiments at 
different spatial scales (Chapter 5 and Chapter 6); 
iii) study the individual and interactive effects of clonal integration and repeated complete burial 
through factorial field experiments performed on runners of the two species. Runners, i.e. 
apical rhizomes centrifugally extending at the edge of established patches, were chosen 
because of their importance in patch colonization dynamics and high exposition to 
physical disturbance and fragmentation (Chapter 7 and Chapter 8). 
 
All experiments were conducted in Rosignano Solvay (Livorno, Italy). The study system 
includes a sheltered coastal area (43°23'8.60"N, 10°25'48.48"E) in which a natural patchy C. 
nodosa is present, and well developed sand dunes which support the growth of S. virginicus (see 
Chapter 2 for study system description). 
6 
 
References 
 
Adam P (2002) Saltmarshes in a time of change. Environ Conserv 29: 39–61 
Bach C (2000) Effects of clonal integration on response to sand burial and defoliation by the dune 
plant Ipomoea pes-caprae (Convolvulaceae). Aust J Bota 48: 159-166. 
Bach C (2001) Long-term effects of insect erbivory and sand accretion on plant succession on sand 
dunes. Ecology 82:1401-1416. 
Bellwood DR, Hughes TP, Folke C, Nyström M (2004) Confronting the coral reef crisis. Nature 
429: 827-833. 
Borum J, Pedersen O, Greve TM, Frankovich TA, Zieman JC, et al. The potential role of plant 
oxygen and sulphide dynamics in die-off events of the tropical seagrass, Thalassia testudinum. J 
Ecol 93: 148-158. 
Brown AC, McLachlan A (2002) Sandy shore ecosystems and the threats facing them: some 
predictions for the year 2025. Environ Conserv 29: 62-77. 
Cabaço S, Santos R, Duarte C M (2008) The impact of sediment burial and erosion on seagrasses: 
A review. Estuar Coast Shelf S 79: 354-366. 
Carter RWG (1989) Coastal environments, an introduction to the physical, ecological, and cultural 
systems of coastlines. London: Academic Press. 617 p. 
Chen S, Lei NF, Dong M (2010) Clonal integration improves the tolerance of Carex praeclara to 
sand burial by compensatory response. Acta Oecol 36: 23–28. 
Christensen MR, Graham MD, Vinebrooke RD, Findlay DL, Paterson MJ et al. (2006) Multiple 
anthropogenic stressors cause ecological surprises in boreal lakes. Glob Change Biol. 12: 2316–
2322. 
Duarte C M, Terrados J, Agawin NSR, Fortes MD, Bach S, et al. (1997) Response of a mixed 
Philippine seagrass meadow to experimental burial. Mar Ecol Prog Ser 147: 285-294. 
Duarte CM (2002) The future of seagrass meadows. Environ Conserv 29: 192–206 
Duarte CM, Dennison WC, Orth RJW, Carruthers TJB (2008) The charisma of coastal ecosystems: 
addressing the imbalance. Estuar Coasts 31: 233-238 
7 
 
Easterling DR, Meehl GA, Parmesan C, Changnon SA, Karl TR et al. (2000) Climate extremes: 
observations, modeling, and impacts. Science 289: 2068-2074. 
Eldridge P, Kaldy J, Burd A (2004) Stress response model for the tropical seagrass Thalassia 
testudinum: The interactions of light, temperature, sedimentation, and geochemistry. Estuar 
Coast 27: 923-937. 
Ellison AM, Stoddart DR (1991). Mangrove ecosystem collapse during predicted sea-level rise: 
Holocene analogues and implications. J. Coastal Res 7: 151-165. 
European Commission (1992) Council Directive 92/43/EEC of 21st May 1992 on the Conservation 
of Natural Habitats and of Wild Fauna and Flora. Official Journal L206, Brussels: European 
Commission. 
Feagin RA, Sherman DJ, Grant WE (2005) Coastal erosion, global sea-level rise, and the loss of 
sand dune plant habitats. Front Ecol Environ 3: 359-364. 
Gilbert ME, Pammenter NW, Ripley BS (2008) The growth responses of coastal dune species are 
determined by nutrient limitation and sand burial. Oecologia 156: 69-178. 
Gilbert ME, Ripley BS (2008) Biomass reallocation and the mobilization of leaf resources support 
dune plant growth after sand burial. Physiol Plant, 134: 464-472 
Gilbert ME, Ripley BS (2010) Resolving the differences in plant burial responses. Austral Ecol 35: 
53-59. 
Gornish ES, Miller TE (2010) Effects of storm frequency on dune vegetation. Glob Chang Biol 16: 
2668-2675.  
Guidetti P, Fabiano M (2000) The use of lepidochronology to assess the impact of terrigenous 
discharges on the primary leaf production of the Mediterranean seagrass Posidonia oceanic. Mar 
Pollut Bull 40: 449-453. 
Harley CDG, Hughes AR, Hultgren KM, Miner BG, Sorte CJB, et al. (2006) The impacts of 
climate change in coastal marine systems. Ecol Lett 9: 228-241. 
Jackson JBC, Kirby MX, Berger WH, Bjorndal KA et al (2001) Historical overfishing and the 
recent collapse of coastal ecosystems. Science 293:629–638.  
8 
 
Jónsdóttir IS, Watson M (1997) Extensive physiological integration: an adaptive trait in resource-
poor environments? In de Kroon H, van Groenendael J, editors. The ecology and evolution of 
clonal plants. Leiden: Backhuys Publishers. pp 109-136. 
Larkum T, Orth RJ, Duarte CM (2006) Seagrasses: Biology, Ecology and Conservation. The 
Netherlands: Springer. 708 p. 
Levin SA (1992) The problem of pattern and scale in ecology. Ecology 73:1943–1967. 
Lotze HK, Lenihan HS, Bourque BJ, Bradbury RH, Cooke RG, et al ( 2006) Depletion, 
degradation, and recovery potential of estuaries and coastal seas. Science 312:1806–1809. 
Marbà N, Cebrian J, Enriquez S, Duarte C M (1994) Migration of large-scale subaqueous bedforms 
measured with seagrasses (Cymodocea nodosa) as tracers. Limnol Oceanog 39: 126-133. 
Marbà N, Duarte C M (1994) Growth response of the seagrass Cymodocea nodosa to experimental 
burial and erosion. Mar Ecol Prog Ser 107: 307-311. 
Marbà N, Duarte C M (1995) Coupling of seagrass (Cymodocea nodosa) patch dynamics to 
subaqueous dune migration. Journ Ecol 83: 381-389. 
Martínez M, Intralawan A, Vázquez G, Pérez-Maqueo, O, Sutton P et al. (2007) The coasts of our 
world: Ecological, economic and social importance. Ecol Econ 63: 254-272. 
Maun MA (1998) Adaptations of plants to burial in coastal sand dunes. Botany 76: 713-738. 
Maun MA (2004) Burial of plants as a selective force in sand dunes. In: Martínez ML, Psuty NP, 
editors. Coastal dunes: ecology and conservation. Berlin: Springer-Verlag. pp. 119-135.  
Maun MA (2009) The biology of coastal sand dunes. New York: Oxford University Press. 265 p. 
Maun MA, Fahselt D (2009) Dune systems in relation to rising seas. In: Maun MA, editor. The 
biology of coastal sand dunes. New York: Oxford University Press. pp. 197-214. 
Mitsch WJ, Gosselink JG (2000) Wetlands. 3rd ed. New York: Wiley. 920 p. 
Ooi JLS, Kendrick GA, van Nielb KP (2011) Effects of sediment burial on tropical ruderal 
seagrasses are moderated by clonal integration. Con Shelf Res 31: 1945–1954. 
Orth RJ, Carruthers TJB, Dennison WC, Duarte CM, Fourqueran JW, et al. (2006) A Global Crisis 
for Seagrass Ecosystems. BioScience 56: 987-996. 
9 
 
Paine RT, Tegner MJ, Johnson EA (1998) Compounded perturbations yield ecological surprises. 
Ecosystems 1:535–545. 
Romero J, Lee KS, Pérez M, Mateo MA, Alcoverro T (2006) Nutrient dynamics in seagrass 
ecosystems. In: Larkum AWD, Orth RJ, Duarte CM, editors. Seagrasses: Biology, Ecology and 
Conservation. The Netherlands: Springer. pp. 227-254. 
Ruiz JM, Romero J (2003) Effects of disturbances caused by coastal constructions on spatial 
structure, growth dynamics and photosynthesis of the seagrass Posidonia oceanica. 46: 1523–
1533. 
Sala OE, Chapin FS, Armesto JJ, Berlow R, Bloomfield J, et al. (2000) Global biodiversity 
scenarios for the year 2100. Science 287:1770–1774. 
Schlacher TA, Dugan J, Schoeman DS, Lastra M, Jones A et al. (2007) Sandy beaches at the brink. 
Divers Distrib 13: 556-560. 
Stallins JA, Parker AJ (2003) The influence of complex systems interactions on barrier island dune 
vegetation pattern and process. Ann Assoc Am Geog 93: 13-29. 
Sykes MT, Wilson JB (1990) An experimental investigation into the response of New Zealand sand 
dune species to different depths of burial by sand. Acta Bot Neerl 39: 171-181. 
Terrados J (1997) Is light involved in the vertical growth response of seagrasses when buried by 
sand? Mar Ecol Prog Ser 152: 295-299. 
Terrados J, Duarte CM, Fortes MD, Borum J, Agawin NSR, et al. (1998) Changes in community 
structure and biomass of seagrass communities along gradients of siltation in SE Asia. Estuar 
Coast Shelf S 46: 757-768. 
Thayer GW, McTigue TA, Bellmer RJ, Burrows FM, Merkey DH et al. (2003) Science-based 
restoration monitoring of coastal habitats, Volume one: a framework for monitoring plans under 
the estuaries and clean water act of 2000 (Public Law 160-457). In: Silver Spring: NOAA 
National Centers for Coastal Ocean Science. 95p. 
van der Meulen F, Bakker THW, Houston JA (2004) The costs of our coasts: examples of dynamic 
dune management from Western Europe. In: Martínez ML, Psuty NP, editors. Coastal dunes: 
ecology and conservation. Berlin: Springer-Verlag. pp. 259-278. 
10 
 
van Groenendael J, Klimeš JM, Klimešová J, Hendriks RJJ (1996) Comparative ecology of clonal 
plants. Phil Trans Roy Soc Lond B 351: 1331-1339. 
Waycott M, Duarte CM, Carruthers TJB et al. (2009) Accelerating loss of seagrasses across the 
globe threatens coastal ecosystems. Proc Natl Acad Sci USA 106: 12377–12381. 
Yu F, Dong M, Krüsi B (2004) Clonal integration helps Psammochloa villosa survive sand burial in 
an inland dune. New Phytol 162: 697-704.  
 
11 
 
Chapter 2 
 
Species and study locality description 
 
2.1 Species description 
 
2.1.1 Sporobolus virginicus Kunth 
 
Sporobolus virginicus Kunth is a perennial pioneer halophyte widely distributed in the tropics 
and subtropics (Clayton et al. 1974). S. virginicus occurs as two morphologically distinct cross-
fertile ecotypes, either occurring in salt marsh or in sand dunes (Blits & Gallagher 1991). It grows 
in Australia, New Zealand, Pacific Islands, the Caribbean, Africa, India, China, Indonesia and 
Europe. In Italy, the presence of this species in dune habitats has been reported only recently, 
because erroneously retained as a distinct species and referred as to Sporobolus pungens Schreber 
Kunth (Conti et al. 2005).  
S. virginicus has a C4 metabolism and mainly spreads within sand dunes through clonal growth. 
Individual clones form fast-growing, extensively branching horizontal rhizomes that develop 
branched or solitary ascending culms up to 60 cm in height and adventitious roots at each node (Fig. 
2.1). Roots can grow down to 30 cm deep. Leaves are distichous, sharp, stiff, with a 2-10 cm long, 
1-4 mm wide lamina. Rhizome connections and roots form dense and large networks that efficiently 
stabilize substrates and initiate the recovery of mobile dunes following burial disturbance 
(Hitchcock 1971; Clayton et al. 1974). In the Mediterranean dunes, the vegetative growth of this 
species occurs from late winter and the end of autumn, while the reproductive season generally lasts 
from May to September (Gratani et al. 2007). Flowers consist of spike-like hermaphroditic panicles, 
ovate, 2-10 cm long. Fruits are caryopsis with free soft pericarp. Seeds, 0.7 cm long grains, are 
freely released from fruits upon maturation (Leithead et al. 1971). However, recruitment from seed 
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is considered rare, because germination only occurs when seeds are unburied and stranded on a 
moist surface with salinities lower than 15 (Breen et al. 1977).  
Because of its widespread diffusion and capability of exploiting a wide range of coastal 
environments, S. virginicus has been the subject of a fair number of studies, mostly focusing on its 
ability to withstand environmental stress factors. The marsh-dwelling ecotype of S. virginicus had 
been proven able to tolerate extended waterlogging through several strategies, including increased 
internal aeration, development of adventitious surface roots and altered biomass distribution (Breen 
et al. 1977; Donovan & Gallagher 1984; Naidoo & Naidoo 1992; Naidoo & Mundree 1993). 
Studies on this species tolerance to salinity evidenced that S. virginicus presents the characteristics 
of an euhalophyte, as defined by Greenway and Munns (1980), i.e. it has optimal growth at 
moderate salinities (100 – 300 mmol/L NaCl) and continues to grow and survive at salinities over 
100 mmol/L (Bell & O’Leary 2003); in particular, increases in biomass and relative growth rate 
were observed in young clones of the sand dune ecotype when grown with full seawater (Blits & 
Gallagher 1991). Mechanisms of salt tolerance involve salt secretion by salt glands on leaves 
(Marcum & Murdoch 1992; Naidoo & Naidoo 1998). S. virginicus was also found able to tolerate 
cold (Straub & Gallagher 1989) and anaerobiosis of the substrate (Breen et al. 1977; Donovan & 
Gallagher 1984, 1985; Naidoo & Naidoo 1992). Lastly, a study aimed at evaluating lead tolerance 
and accumulation in Mediterranean wild plant species for potential use in phytoremediation and 
phytostabilization programs, evidenced that S. virginicus is able to grow in soils with a high lead 
concentration (as much as 1330 mg bioavailable Pb Kg-1 rhizospheric soil, Garcìa et al. 2003). 
Because of its sand-binding potential and ability to withstand a wide range of stress factors, S. 
virginicus is hence considered of great economic importance, especially in shoreline stabilization 
programs and as forage under saline conditions which prevent the use of conventional crop species 
(Gallagher 1985; Marcum & Murdoch 1992). 
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Figure 2.1 Sporobolus virginicus: a) herbarium sample; b) illustration (from Gardner 1952); c) 
detail of an inflorescence; d) close-up photograph of established stands naturally occurring in the 
Rosignano Solvay study area. 
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2.1.2 Cymodocea nodosa (Ucria) Ascherson 
 
Cymodocea nodosa (Ucria) Ascherson is a warm water species widely distributed throughout the 
Mediterranean, around the Canary Islands and down the North African coast; it does not extend 
further north than the southern coasts of Portugal (den Hartog 1970). C. nodosa can be found from 
shallow subtidal areas to a depth of 30-40 m in monospecific stands or mixed meadows in 
association with Zostera noltii Hornemann (Buia & Mazzocchi 1995). In the Mediterranean it 
usually colonizes relatively sheltered biotopes, port areas and superficial beds between the coast and 
the upper limit of the Posidonia oceanica (L) Delile meadow (Buia et al. 1985). It may also give 
rise to vast meadows between the surface and ca. 30 meters of depth (Mazzella 1990), and it is 
capable to tolerate low salinities and colonize lagoons and estuarine waters. In favourable 
conditions it may grow several meters per year (from 7 to 204 cm year-1, with a mean of 40 cm 
year-1; Marbà & Duarte 1998) and it is considered a pioneer species capable of quickly colonizing 
bare areas of the sea floor. C. nodosa is a perennial plant. According to a classification proposed by 
Short and Short (2000), who grouped seagrasses according to their growth modalities, C. nodosa is 
a “di-meristematic leaf-replacing form”, i.e. its vegetative development is the result of the activity 
of two distinct types of meristems, an apical meristem that produces a horizontal rhizome (main 
axis) with long internodes, and lateral meristems at each node that continuosly produce leaf tissue. 
Rhizomes show dimorphism, growing in two different forms: (i) vigorous vegetative plagiotropic 
rhizomes which produce several secondary ramifications per year, and (ii) orthotropic axes which 
ramify little, grow slowly (1-2 cm year-1) and produce flowers (Caye & Meinesz 1985). The 
dimorphism may be switched by environmental factors, i.e., in very dense populations where there 
is little space available, a horizontal rhizome has the capacity to assume vertical growth; conversely, 
at the edge of beds or within low-density meadows, rhizome may switch their growth from vertical 
to horizontal, in order to quickly colonize the bare space (Caye & Meinesz 1985). Plagiotropic 
growth is largely influenced by to the presence of apical dominance (Terrados et al. 1997a), i.e. the 
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inhibitory hormonal influence that the growing apical meristem exerts on the lateral meristems, 
preventing or slowing down their development (Salisbury & Ross 1992). In C. nodosa the influence 
of the apical meristems extendes for over 50 cm and 11 nodes (Terrados et al. 1997a) and 
elimination of the apical meristem promotes, on the remaining horizontal rhizome, “regenerative 
branching” (Tomlinson 1974): the growth form of the closest vertical rhizome changes into 
horizontal growth, and a lateral branch replacing the main rhizome axis is formed (Terrados et al. 
1997a).  
Shoots are attached to vertical rhizomes through short (1-35 mm on average) vertical rhizome 
segments (Fig. 2.2). Vertical internodes length has proven to be affected by environmental factors 
such as sand burial (Marbà & Duarte 1994, 1995). Adventitious roots develop at each node; each 
rhizome segment only has one root which is often strongly branched and may be up to 3 mm thick 
and up to 35 cm long. Leaf bundles consist of 2 to 5 ribbon-shaped leaves, denticulate at the tip, 2-4 
mm wide and 10-45 cm long, alternate and opposite, that completely envelop the rhizome. Leaves 
have 7 to 9 parallel veins and are rich in cells with tannins. When the oldest laminae are detached, 
leaf sheats remain in place for several weeks before breaking. In the Mediterranean, vegetative 
growth shows a marked seasonality; a clear unimodal annual cycle, with a peak during June and 
July and a cessation of rhizome growth from October to January (Terrados & Ros 1992; Vallerini & 
Balestri 2006), is generally observed.  
Even if C. nodosa patches mainly grow and expand through clonal growth, sexual reproduction 
plays a major role in the formation of new patches, maintenace of established populations and 
recovery after disturbance (Duarte & Sand-Jensen 1990a, Terrados 1993, Vidondo et al. 1997). C. 
nodosa is dioecious and flowers are solitary and lack a perianth. Male flowers are reduced to one 
stamen with an anther composed of two pollen sacs. Female flowers are inconspicuous, being 
reduced to a group of 4 filiform stigmata each of which projects from a chlorophyll bearing leaf 
(Caye & Meinesz 1985). Female flowers have two ovaries and produce two lentil-shaped seeds ca. 
8 mm long. Flowers generally occur on vertical axes that are at least two years old. In summer, 
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fruits are left attached in pairs to the rhizome, then they progressively detach and are buried in the 
nearby sediments where they remain in conditions of dormancy induced by temperature and salinity 
conditions (Caye et al. 1992). Some seeds may be transported to other places (Buia & Mazzella 
1991). Flowering and fruiting of this species is common in some places (Lipkin 1977; Caye & 
Meinesz 1985;  Buia & Mazzella 1991; Terrados 1993); however, regular germination of seeds may 
be rarer (Terrados 1993). Depending on environmental conditions, approximately 50% of the seeds 
entering the sediment may germinate the following spring (Caye & Meinesz 1986, Pirc et al. 1986); 
remaining seeds may persist in the sediment for some years. The probability that seedlings found at 
the periphery of established patches could grow and develop new patches, has been estimated at 
about 10% (Duarte & Sand-Jensen 1990a), although this figure may be higher inside established 
meadows (Terrados 1993).  
C. nodosa is considered the second most important species of marine phanerogam in the 
Mediterranean because of its frequency, density and geographical range (Boudouresque et al. 
1994). It also seems to play an important role in P. oceanica colonization dynamics, particularly by 
encouraging the humidification of the substratum and favouring soil creation (Molinier & Picard 
1952). As a consequence of its important role in Mediterranean ecosystems, C. nodosa has been the 
subjects of numerous studies. Meadow structure and dynamics (i.a. Caye & Meinesz 1985, 1986; 
Duarte & Sand-Jensen 1990a,b; Cancemi et al. 2002, Agostini et al. 2003), and the role of clonal 
integration (Terrados et al. 1997b), nutrient limitation (Perez et al. 1991; Duarte & Sand-Jensen 
1996; Pedersen et al. 1997; Nielsen & Pedersen 2000) and environmental stress (Marbà & Duarte 
1994; 1995) on patch survival and expansion have been evaluated. Moreover, as a consequences of 
widespread meadow losses (Hemminga & Duarte 2000; Meinesz et al. 2005), in recent years some 
attempts at evaluating the feasibility of C. nodosa restoration programs have been made, mostly 
through propagation and transplanting experiments (Curiel et al. 1994, 2003, 2005; Garcia-Jimenez 
et al. 2006; Zarranz et al. 2010 a,b).  
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Figure 2.2 Cymodocea nodosa. a) detail of a rhizome segment showing mature seeds still attached 
to mother shoots; b) runner, rhizome segment centrifugally expanding from the patch, showing an 
intact apical meristem; c) shallow water C. nodosa patch; d) illustration (from Borum 2004); e) 
young C. nodosa clone growing in the study area. 
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2.2 Study locality  
 
All of the field experiments described in this thesis were carried out in Rosignano Solvay 
(Livorno, north-western Mediterranean, Italy). The study locality included a sheltered coastal area, 
named Punta Lillatro (43°23'8.60"N, 10°25'48.48"E), which was chosen for Cymodocea nodosa 
experiments, and a dune system (43°22'43.10"N, 10°26'15.77"E) in which experiments on 
Sporobolus virginicus were carried out (Fig. 2.3).  
From a geological standpoint, the Rosignano Solvay shoreline belongs to a physiographic unit 
that extends for ca. 50 km along the Tuscan shore, from Rosignano Solvay to the promontory of 
Piombino (Mazzanti et al. 1980; Fig. 2.1). This physiographic unit comprises a large flat rock 
formation named “Panchina”, which extends both on land and on the seafloor (Mazzanti & Parea 
1977). The subaqueous part of the “Panchina” forms large shoals located near Vada and coarse 
calcarenite outcrops in Punta Lillatro (Fig. 2.4). South of Punta Lillatro, the “Panchina” extends on 
land and is covered by calcareous sand of recent deposition, giving rise to the Rosignano Solvay 
beaches and dune system (Fig 2.5).  
In Punta Lillatro, the calcarenite seafloor is covered by an incoherent layer of substrate 
consisting of cobble (32-512 mm, according to the Udden-Wentworth scale) and pebble (2-32 mm) 
mixed with strongly alkaline carbonate sand (0.062 to 2 mm, ranging from very fine to very coarse 
sands). A natural patchy C. nodosa meadow is present at a shallow depth (0.20-0.50 m).  
The Rosignano Solvay dune system is ca. 2.5 km long and runs parallel to the shoreline. The 
height of dunes varies from 1.0 to 8.5 m from the 0 m water level. The substrate of beach and 
mobile dunes is fine strongly alkaline sand (98.7%, with smaller fractions of silt and clay, 0.4% and 
0.9% respectively; pH > 8.3), rich in calcium carbonate (CaCO3, 86.59%; Flamini et al. 2003). The 
system is dominated by Ammophila arenaria (L.) Link (European beachgrass) and Elymus farctus 
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(Viv.) Runemark ex Melderis. S. virginicus is abundant on the first dune ridge where it forms large 
monospecific patches parallel to the shoreline. 
Climate of the study locality is typically Mediterranean. During the experimental period, the 
mean daily temperature of the coldest month (January) was 5 °C, while that of the warmest month 
(July) was 25 °C. Sea surface water temperature varied from 12 °C in winter to 27 °C in summer 
and salinity ranged from 37.5 to 38. During the experimental period, the frequency of extreme 
events (storms, wind intensity > 60 km hour-1) was ca. 4 events year-1. The Rosignano Solvay shore 
is mostly subjected to south- and south-westerly winds during the winter, and from north-westerly 
winds in the summer. Waves coming from the fourth quadrant are both dominant and prevailing, 
thus distal drift is mainly southward. The main sediment source comes from industrial wastes 
discharged into the sea ca. 400 m south of Punta Lillatro by a chlor-alkali complex. These wastes 
consist of calcium carbonate and calcium sulphate particles ranging from 0 to 300 µm in 
granulometry; the coarser fraction is deposited on beaches and dunes, while finer particles remain 
suspended in the water column (Gallerano & Cioffi 2006). A moderate amount of natural sediment 
sources comes from the nearby Fine River, but these sediments, which are mainly composed of silt 
and clay, are swept offshore because the fine granulometry prevents their stable deposition on 
beaches (data from local meteorological stations). Since the industrial waste flow has been recently 
reduced, the sedimentary balance has become negative, and beach erosion is likely to ensue in 
incoming decades.  
Preliminary preparation of C. nodosa plant material and tank experiments were performed in an 
aquaculture centre which is also located in Rosignano Solvay (Maricoltura Rosignano Solvay srl). 
Five outdoor aquaculture tanks (5000 L capacity) were equipped following a protocol previously 
established for the cultivation of seagrass seeds (Lardicci & Balestri, Patent PI/2005/A/000092, 
17/08/2005; Balestri et al., 2010, 2012 unpubl.). Tanks were placed in full sun, ca. 1 m apart from 
each other, and received a constant seawater influx from a costal area near Punta Lillatro. Before 
being pumped in the tanks, seawater passed through a sand filter. The height of the water column in 
20 
 
the tanks was kept at 1.50 m. Plants grown in this system were maintained in semi-controlled 
conditions, since they were subjected to natural daylight, temperature and weather conditions, while 
water influx and depth, substratum composition and nutrient availability were controlled by the 
experimenter. Quality and composition of the seawater entering the system was also beyond the 
experimenter’s control and closely mirrored that of the water column along the Rosignano Solvay 
shore. During the experimental period, daily measurements showed that sea water temperature and 
salinity in tanks were close to those recorded in the field. 
Preparation of S. virginicus material took place in a nursery in Cecina (43°18'13.00"N, 
10°30'17.17"E, Livorno). Plants were placed in pots positioned in full sun and exposed to natural 
daylight, temperature and weather conditions for six months. 
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Figure 2.3 Satellite images showing the study area. Right image: physiographic unit along the Tuscan coast in which the study locality is situated; 
Rosignano Solvay and Piombino, which delimit the unit, are shown. Vada Shoals are also marked. Left box: closer aerial view of the study area 
showing Punta Lillatro and the Rosignano Solvay dune system. Beach and dunes are composed of white carbonate sediments that appear over-
saturated in the images.   
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Figure 2.4 Photographs of Punta Lillatro beach, showing the study locality in which field 
experiment on Cymodocea nodosa were carried out. In the first picture (above), calcarenite outcrops 
are shown. 
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Figure 2.5 Photographs of the Rosignano Solvay dune system, where field experiments on 
Sporobolus virginicus were performed. Established S. virginicus stand are visible. 
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Chapter 3 
 
Sustainable seagrass restoration: evaluating an innovative technique of transplant production 
 
3.1 Introduction 
 
In recent decades, large-scale losses of seagrasses have been documented worldwide (e.g. Den 
Hartog 1987; Walker & Mc Comb 1992; Short & Willye-Echeverria 1996; Walker et al. 2006; 
Waycott et al. 2009). According to recent estimates, as much as 29% of global seagrass cover may 
have already been lost, as a consequence of both natural and anthropogenic disturbance factors 
(Waycott et al. 2009); moreover, seagrass loss rates have accelerated over the past several decades, 
from 0.9% per year before 1940 to 7% per year since 1990 (Waycott et al. 2009). To 
counterbalance this dramatic trend, an increasing number of policies, laws and regulations to protect 
and conserve seagrass ecosystems have been proclaimed (Duarte 1999, 2002; Kenworthy et al. 
2006; Duarte et al. 2008) and programs to restore lost meadows have been proposed (Fonseca et al. 
1998; Treat & Lewis 2006). Seagrass restoration programs, that have been carried out with mixed 
success since the mid-20th century (Addy 1947; Phillips 1974; Gordon 1996; Fonseca et al. 1998; 
Johansson & Greening 2000), may be aimed at introducing seagrasses into areas that have been 
denuded and are far away from donor populations, or at speeding up seagrass recolonization in 
areas where it is proceeding already, but at a slow rate. Since these programs generally involve the 
transplanting in a target area of plant material taken from a donor population, the development of 
effective, cost-efficient and non-destructive techniques to produce suitable material has become an 
important issue in seagrass ecology.  
Actually, seagrass material used in transplants is mainly obtained through vegetative propagation 
from rhizome cuttings taken from a donor bed and transplanted in a recipient site. This technique 
has been widely used in restoration projects of seagrasses (Fonseca et al. 1998; Orth et al. 1999; 
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Heidelbaugh et al. 2000; Van Keulen et al. 2003; Paling et al. 2007; Park & Lee 2007), including 
C. nodosa (Ruiz de la Rosa 2006; Curiel 1994, 2003, 2005); however, it presents some drawbacks. 
Collection of rhizome fragments may have a high impact on donor meadows, especially when a 
large amount of plant material is needed. Excavating holes in the sediment to take rhizome cuttings 
may lead to erosion of the seagrass bed surface (Curiel 2005). Moreover, unless specific genetic 
studies are undertaken, it is not possible to know the genetic diversity of collected fragments, and 
hence of plant material produced from them. This issue is particularly evident for C. nodosa, which 
presents a highly intermingled distribution of clones at small spatial scales (Ruggiero et al. 2005; 
Alberto et al. 2006). For this species, vegetative propagation of rhizome fragments would probably 
lead to the production of a planting stock material with a highly heterogeneous genetic structure.  
An alternative technique that has recently been proposed is micro-propagation, i.e. the in vitro 
propagation of plant species starting from cells, tissue, or organs. Micro-propagation could 
represent a method to achieve a large amount of plant material starting from a small quantity of 
donor tissue including seeds (Loques et al. 1990; Koch & Durako 1991; Terrados-Muñoz 1995; 
Bird et al. 1993, 1994, 1996; Garcia-Jimenez et al. 2006; Zarranz et al. 2010). The application of 
this technique to most seagrass species, however, is still in early development phases, and in some 
cases it has not been successful (Garcia-Jimenez et al. 2006).  
Since seeds are sources of new genotypes from sexual reproduction, they are increasingly used 
as source of plant material but this technique also presents limitations. Recent studies have 
demonstrated that seeds and seedlings (Balestri et al. 1998a, Orth et al. 2006; Marion & Orth 2010) 
can be collected from a donor meadow, cultured in laboratory conditions for several months and 
then plants transplanted in the natural environment (Zarranz et al. 2010). In comparison with the 
collection of fragments for vegetative propagation, the cultivation of seagrass seeds would entail a 
minor damage to natural population. In some seagrass species, however, seed availability is limited 
by low sexual reproduction frequency or by seed dispersion modalities that may make seed 
collection difficult (e.g. Buia & Mazzella 1991; Balestri & Cinelli 2001, 2003; Billingham et al. 
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2003; Balestri et al. 2006). Moreover, in the natural environment, seedlings often show a high 
mortality rate, especially in the first years of life, as a consequence of nutrient limitation and abiotic 
stress factors (Duarte & Sand-Jensen 1996; Balestri et al. 1998b, 2010). For C. nodosa, the 
probability that seedling found at the periphery of established patches could grow and develop new 
patches, has been estimated at about 10% (Duarte & Sand-Jensen 1990), although this figure may 
be higher inside established meadows (Terrados 1993). 
Culture of seedlings in laboratory conditions for a long time may be difficult, too. To our 
knowledge, seedlings of C. nodosa have been grown in laboratory for a maximum period of 4 
months (Pirc et al. 1986; Buia & Mazzella 1991) and no attempts have been made until now to 
vegetatively propagate plants obtained from seedlings.   
The aim of this study was to examine the feasibility of producing C. nodosa plant stock material 
throughout vegetative propagation of “mother clones”, obtained from a limited number of seeds 
collected from natural populations and grown in aquaculture tanks for some years. This method 
would enable us to produce material uniform in terms of physiological conditions and with known 
genetic diversity, and, most importantly, without damaging existing seagrass meadows; such 
material should be able to successfully cope with natural environmental conditions and establish 
new patches. To this end, tank and field experiments were carried out, in order to (i) evaluate the 
success rate of vegetative propagation of C. nodosa mother clones in tank conditions; (ii) assess if 
propagation was influenced by propagule characteristics (iii) evaluate if plants obtained through this 
method could successfully be introduced in the natural environment, and (iv) if transplanting 
success was affected by local factors acting at different spatial scales; (v) investigate if transplanted 
plants differed in morphology from clones growing in the study area.  
Firstly, vegetative propagation was performed using different types of fragments, either 
containing or not containing the terminal apical meristem, and belonging to different mother clones 
(genets). The individual and combined effects of fragment type and genet of origin on regeneration 
ability and growth of fragments were assessed through a factorial experiment, as both factors are 
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likely to play a role on plant propagation. In fact, studies showed that removal of the apical 
meristem strongly affects C. nodosa plant morphology (Terrados et al. 1997a). Fragments of the 
two types could therefore show such differences in growth and performance that, for propagation 
objectives, the use of one of two should be preferred over the other. Recent studies also 
demonstrated that different seagrass genotypes might show distinct functional traits (Hughes & 
Stachowicz 2004; Gamfeldt et al. 2005; Reusch et al. 2005; Reusch & Hughes 2006; Ehlers et al 
2008) and hence different adaptive responses to many kinds of environmental factors. For this 
reason, intra-specific genetic variability is considered of high importance in ecosystem functioning 
(Hughes & Stachowicz 2004), to the point that in seagrass restoration protocols, it has been 
suggested that transplantation should have sufficient genetic variation to be able to adapt to 
environmental changes (van Katwijk et al. 2009). Moreover, intra-specific heterogeneity in terms of 
phenotypic expression (rhizome elongation rates, branching frequency and branching angles; Marbà 
& Duarte 1998), described for many seagrass species, could be related to genetic variability.  
The capability of propagated fragments to establish and grow in the natural environment was 
assessed through a field transplanting experiment. Since natural environments are spatially and 
temporally heterogeneous at a variety of scales (Levin 1992), which are often relevant to plants, 
transplanting was performed following a design that included two different scales, from tens of 
meters to hundred of meters. Lastly, morphology of transplanted and naturally occurring plants was 
compared.  
This transplanting experiment has important implications not only for restoration programs but 
also for the development of sound manipulating experiments in situ without a relevant impact on 
natural populations (See Chapter 5). 
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3.2 Materials and methods 
 
3.2.1 Development of mother clones 
 
Mother clones of Cymodocea nodosa were grown at the MaricultureCenter of Rosignano Solvay 
(Livorno, Italy; 43°23'8.60"N, 10°25'48.48"E). These clones were obtained from seeds collected in 
August 2004, from a donor meadow located near Livorno (north-western Mediterranean, Italy) at a 
depth of ca. 1 m. Seeds were sampled in 18 randomly chosen sites, separated by ca. 10 metres, a 
distance close to the estimated seed dispersal range for this specie. Five seeds were collected in 
each site, for a total of 90 seeds. Only viable seeds(with intact seed coat) from the youngest cohort, 
i.e. those derived from the current year reproduction, which were still attached to maternal shoots, 
were sampled, in order to avoid possible confounding sources of variation among clones due to 
different seed age. Seedlings emerged in early March 2005 were selected for homogeneous size 
(shoot length) and grown in plastic containers filled with beach sand collected near to the sitewhere 
the transplanting experiments were conducted (Fig. 3.1a).The containers were placed in outdoor 
aquaculture tanks equipped following a protocol previously established for the cultivation of 
seagrass seeds (Lardicci & Balestri, Patent PI/2005/A/000092, 17/08/2005; Balestri et al. 2010; see 
Chapter 2 for description of the study system), at a depth similar to that of seeds in the donor 
meadow (ca. 1 m below the water surface). A commercial controlled-release fertiliser (Pluscote, 16 
% N, 8 % P20, 16 % K20, formulated for a 6 mo release rate) was bimonthly applied at a rate of 1.5 
g L–1 of substrate (corresponding to a total amount of 10 g per container) during the period of 
vegetative growth (from February to October).The height of the water column in the tanks was kept 
at 1.50 m. Daily measurements showed that sea water temperature and salinity in tanks were close 
to those recorded in the field. During the study period water temperature in tanks ranged from 12 
(winter) to 30°C (summer) and salinity was 37.5-38. 
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3.2.2 Production of plant stock from mother clones  
 
At the end of August 2009, two mother clones were haphazardly selected and vegetatively 
propagated to obtain a plant stock that could be used as source of plant material for the field 
experiments. For each clone, total rhizome length, number of shoots and number of branches were 
recorded. Maximum leaf length and average number of leaves per shoot were also measured on 10 
randomly chosen shoots per mother plant.  
The clones were severed into fragments of similar size (12 cm in length, 3-5 shoots with a mean 
of 4.42 ±0.45 shoots, mean ± ES). Fragments excised from the terminal portion of runners, i.e. 
horizontal rhizomes extending centrifugally from the clone edge, contained a terminal apical 
meristem, while fragments obtained from the inner rhizome portions did not contain it. All 
fragments had not lateral branches.  
A total of 100 fragments were prepared: from the first mother clone14 fragments with apex and 
37 fragments without apex were obtained, while the second clone supplied 10 fragments with apex 
and 39without apex. Immediately after excision, fragments were planted in twenty round plastic 
containers filled with beach sand rinsed with seawater. There were 5 fragments, 15-20 cm far from 
each other, in each container. Containers were placed in two separate tanks (ca. 3 m apart), and held 
at a depth of ca. 1 m; slow release fertilizer was supplied during the period of vegetative growth, as 
described for seedling culture (Fig. 3.1b).  
To investigate whether the regeneration capacity and growth of fragments varied among 
fragment types and genotypes, a sample of fragments (10 fragments with apical meristem and 10 
fragments without apical meristem) from each of the two clones was randomly selected. The 
experimental design included a factorial combination of type (two levels, fragments with apex and 
without apex) and clone (two levels corresponding to the two different genotypes), with two 
replicated containers (experimental units, EU) for each category of fragments; in each container 
there were 5 fragments. In total, 40 fragments were used.  
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Fragments were allowed to grow for 10 months, from August 2009 to June 2010; during the 
experimental period plant viability was regularly checked. On 14 June 2010, at the peak of 
vegetative growth, fragments were carefully excavated from sand, and measured without being 
extracted from the water. Final survival and regeneration success were evaluated: fragments that 
produced new leaves were considered alive, while fragments that also produced new shoots and/or 
roots were considered alive and regenerated. For each fragment, number of shoots and branches, 
total rhizome, mean branch length and maximum leaf length were also recorded.  
 
3.2.3 Establishment of newly regenerated plants for field experiments 
 
On 14 June 2010, planting units of size suitable for transplantation were excised from the plant 
stock obtained from regenerated fragments. To prevent the introduction of a potential source of 
plant heterogeneity due to possible differences in performance between apical and intermediate 
fragments, only fragments with apical meristem were used. Apical fragments were chosen as they 
were more homogenous in morphological features and thus were expected to do not introduce 
unwanted sources of variability in future plant manipulations.  
A total of 80 homogenous unbranched fragments, 8 cm in length, bearing at least three alive 
shoots, were cut from lateral branches of newly regenerated plants. The size of rhizome cuttings 
was chosen in order to achieve an acceptable success. Indeed, studies have demonstrated that C. 
nodosa apical fragments containing three shoots can survive and grow when detached from the rest 
of the clone, both in aquarium (Terrados-Muñoz 1995) and in field conditions (Terrados et al. 
1997).  
On 15 June 2011, the fragments were stored in a plastic container filled with seawater and 
transported to Punta Lillatro (Rosignano Solvay, Livorno, 43°23'8.60"N,10°25'48.48"E), where a 
natural patchy C. nodosa meadow is present at a shallow depth (0.20-0.50 m). Transplanting was 
performed following a hierarchical experimental design. Two bare areas, hundred of metres apart, 
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were randomly chosen, and two sites, tens of metres apart, were haphazardly selected in each area. 
In each site, 16 fragments were transplanted, for a total of 64 planting units. Fragments from 
different clones were mixed and randomly assigned to the two sites, where they were planted at a 
distance of about 0.5-1 m from each other. To prevent their dislocation, planting units were 
anchored to the substrate using metallic tutors (galvanized iron wire, 1.8 mm in diameter). Plant 
rhizomes were carefully covered with 1-2 cm of local sand that was previously washed with 
seawater and filtered through a 1 mm mesh to remove extraneous material. Care was taken to avoid 
mechanical damaging of plants during transplantation (Fig. 3.1c). 
Planting units were monitored for one year, until the end May 2011. Fragments that died early in 
the experiments were replaced within a few days with others with similar characteristics maintained 
at the Mariculture Center. During the summer months of 2010 and late spring of 2011 monitoring 
took place twice a week, while during the rest of the experimental period, corresponding to C. 
nodosa dormancy, only monthly inspections were performed. Survival, number of shoots, number 
of leaves per shoot and maximum leaf length were recorded each time. On May 2011, plant 
rhizomes were carefully inspected to measure total rhizome length, number and length of branches, 
number of shoots, number of leaves per shoot and maximum leaf length. During winter2010, most 
of the planting units in the second area were lost and only 6 plants were available at the end of the 
experiment (May 2011). Thus, this area was excluded from subsequent survival and growth 
analyses.  
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Figure 3.1 Photographic description of the experimental phases: a) development of mother clones: 
seedlings are grown in tank for several years to obtain mother plants; b) production of plant stock 
from mother clones: 12 cm long fragments are excised from mother clones and propagated in tanks; 
c) transplanting experiment: new fragments, 7.5 cm in length, are excised from stock plants and 
transplanted in the study area.  
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3.2.4 Data analysis 
 
Maximum leaf length and average number of leaves per shoot of mother clones chose for the 
experiment were compared across the two mother clones by means of a Student’s t test for 
independent samples (Sokal & Rohlf 1981). The proportions of fragments that survived and 
regenerated in both experiments were compared by means of a chi-square test (α = 0.05; Sokal & 
Rohlf 1981). Homogeneity in terms of number of shoots of transplanted material randomly assigned 
to the two sites was investigated at the beginning of the experiment (time zero) by means of one-
way ANOVA. In both experiments, differences in whole plant growth were assessed through a 
permutational multivariate analysis of variance, PERMANOVA (McArdle & Anderson 2001) 
conducted on the whole set of variables of interest (number of shoots and branches, total rhizome 
length, mean branch length and maximum leaf length); then, if the multivariate analysis showed 
significant effects of any of the factors examined, separate univariate ANOVAs were conducted for 
all of the variables according to the same design. PERMANOVA allows to partition the variability 
in the data according to a complex design or model and to base the analysis on a multivariate 
distance measure that is reasonable for ecological data sets (McArdle & Anderson 2001). Initial 
number of shoot per fragment was included in the design as a covariate to test for possible effect of 
initial size. As differences between experimental units were not detected, this term was pooled to 
increase the number of available degrees of freedom and permutations, and hence analysis power 
(Underwood 1997; Anderson et al. 2008).Prior to performing PERMANOVA, data were 
normalized to convert all measures to a commensurable scale. Analyses were based on Euclidean 
distances. Significance levels for multivariate analyses were calculated form 9999 permutations of 
the residuals under the reduced model. When the number of exchangeable units, and consequently 
of unique permutations, for a given term was not reasonably high, Monte Carlo probability values 
were employed (Anderson & Robinson 2001). Post hoc pair-wise comparison using PERMANOVA 
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t statistic and 999 permutations were conducted when necessary; for these tests Monte Carlo 
probability values were chosen. Design for the propagation experiment included orthogonal factors 
fragment type (fixed effect, two levels) and clone (random effect, two levels), and factor 
experimental unit nested in the combination of type and clone (random effect two levels). Since no 
effects of experimental unit were detected, the factor was dropped from the analysis in order to 
increase analysis power (Underwood 1997). For the transplanting experiments, one-way 
PERMANOVA with random factor site (two levels) was performed. Since tests for differences in 
location among groups in multivariate space (such as PERMANOVA) are sensitive to differences in 
dispersion among the groups (Anderson 2006), rejection of the null hypothesis for PERMANOVA 
suggests that groups may differ because of their location, their relative dispersion, or both. To 
investigate the possible reasons for rejection of the null hypothesis, significant factors were hence 
tested for differences in multivariate dispersion through the permutational analysis of multivariate 
dispersions (PERMDISP, Anderson 2006). PERMDISP significance was calculated on a basis of 
9999 permutations on Euclidean distances between normalized data. Number of leaves and 
maximum leaf length of transplanted and naturally occurring plants were compared through one-
way ANOVA on each date separately. The Bonferroni adjustment for multiple comparison was 
used (k = 2 tests, on number of leaves and leaf length; α = 0.025). Prior to performing univariate 
ANOVAs, data were tested for normality (Shapiro-Wilk test, Shapiro & Wilk 1965) and 
homoscedasticy (Cochran’s C-test, Sokal & Rohlf 1981) and transformed if necessary. Whenever 
data transformation failed to achieve homogeneity of variances, the analysis was performed on 
untransformed data with α = 0.01. When significant effects were detected, means were compared 
by using a post hoc comparison test, Tukey’s least-significant differences test (Tukey’s LSD; Zar 
1984).PERMANOVA and PERMDISP were run through PRIMER v6 (Primer-E Ltd., Plymouth; 
Clarke & Warwick 2001) with PERMANOVA add-on software (Anderson et al. 2008), while 
statistical software R version 2.12.2 (R Development Core Team 2011) and R package “GAD” 
(Sandrini-Neto & Camargo 2011) were used fort tests, chi-square tests and ANOVAs.
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3.3 Results 
 
3.3.1 Development of mother clones and production of plant stock by vegetative propagation  
 
At the time of harvesting (August 2009), the two mother clones were well developed (Table 3.1). 
Statistical analyses showed that the two clones differed in maximum leaf length(t= 2.5276, P= 
0.041) and in mean number of leaves per shoot(t = 3.2071, P = 0.0156).  
The success of the vegetative propagation experiment was high. Of the 100 fragments planted in 
2009, 98 were still alive in June 2010. Survival percentage did not differ among fragments of 
different origin and typology (χ2= 1.3164, d.f. = 3, P= 0.7252);100% and 100% for fragments with 
apex and 97% and 97.5% for fragments without apex, respectively for the first and second mother 
clone. Most surviving fragments had also regenerated, producing new roots and shoots. The 
percentage of regenerated fragments was significantly higher (χ2 = 6.0122, d.f. = 1, P= 0.014) for 
fragments without apex (95% for fragments from the first mother plant and 90% for fragments from 
the second mother plant) as compared to that with apex (71% and 67% respectively for the first and 
second mother plant) while regeneration ability did not differ between the two genets (χ2 = 0.0138, 
d.f. = 1, P = 0.906). 
 
Table 3.1 Morphological characteristics of the mother clones employed in the experiment. Data are 
means ±SE 
 
Mother  Total rhizome  No. shoots No. branches Maximum leaf  No. leaves per  Growth rate  
clone length (cm)   length (cm) shoot (n = 10) (cm year -1) 
 
Clone 1 714.2 344 109 31.22 (±4.01) 4.2 (±0.2) 162.27 
Clone 2 779.3 273 200 40.47 (±2.21) 3 (±0.32) 177.05 
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Plants obtained from fragment with different characteristics significantly differed in whole 
growth. A significant interaction between fragment typology and mother clone was evidenced 
(Table 3.2). The morphology of plants obtained from fragments without apex significantly differed 
between the two clones, but the same was not observed for apical fragments. Fragment typology 
had a significant effect on plant morphology for both the clones (Table 3.2). Since the groups did 
not differ in multivariate dispersion (PERMDISP test on the interaction term clone x type, F3, 35= 
1.38, P = 0.475), observed differences can be ascribed to effects of the investigated factors, rather 
than to differences in multivariate dispersion of the groups of fragments. Lastly, significant effects 
of the covariable were not detected, indicating that the initial number of shoots did not influence 
plant performance (Table 3.2).  
 
Table 3.2 PERMANOVA on Euclidean distances of a set of 5 morphological and growth variables 
(number of shoots, rhizome length, number of branches, mean branch length, maximum leaf length) 
ofCymodocea nodosa plants belonging to different mother clones and grown from fragments of 
different type. Number of shoots at the beginning (No. shoots t0) is treated as a covariable. Each test 
was based on 9999 permutations of residuals under the reduced model. Results of a posterioritests 
for interaction term clone x type are also reported. Levels of clone (C1, C2 = clone 1 or 2) 
andtype(A= with apex, WA = without apex) are compared.t-test probabilities are uncorrected 
results generated by PERMANOVA on paired groups. Each test was based on 999 permutations of 
residuals under the reduced model.Monte-Carlo probability values,P(MC), were chosen 
 
 
Source d.f. MS Pseudo-F P 
 
No. shoots 1 11.51 2.264 0.079 
Clone = C 1 11.76 2.573 0.051 
Type = T 1 34.83 2.726 0.155 
C x T 1 16.0 3.498  0.020 
Residual 32 55.91 
 
 
Clone x Type Contrast  t P(MC) 
 
With apex  C1-C2 1.02 0.431 
Without apex  C1-C2 2.87 0.024 
 
Clone 1  A-WA 2.06 0.040 
Clone 2  A-WA 2.79 0.012 
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The presence of a significant interaction between fragment typology and genotype was 
evidenced for most morphological and architecture variables. The total number of shoots in plants 
obtained from the first mother clone was higher for fragments without apex (7.4 ± 1.4 shoots versus 
5.4 ±0.8 shoots for apical fragments), while for the second clone the opposite was observed 
(fragments with apex had 7.45 ± 0.78 shoots, without apex 5.5 ± 0.73 shoots); Tukey’sLSD test, 
however, failed to detect significant differences between treatments (Fig. 3.2A; Table 3.3). A 
similar situation was observed for rhizome length (for the first mother clone, 11.07 ± 1.22 and 
27.42 ± 2.84 cm for fragments with and without apex, respectively, while values for the second 
mother clone were 20.68 ± 2.49 and 18.78 ± 0.94 cm); in this case, significant differences between 
fragment typologies were evidenced for the first clone only (Fig. 3.2B; Table 3.3). The presence of 
significant interaction between genotype and typology was also detected for maximum leaf length. 
For the second clone, fragments with apex had longer leaves (16.83 ±1.38 cm vs. 13.9 ±1 cm for 
cuttings without apex), while in fragments of the first genotype leaves did not differ in length (14.8 
±0.62 and 16.18 ±0.8 cm, respectively, for fragments with and without apex)(Fig. 3.2E; Table 3.3).  
Plant investment in branches, instead, clearly differed between typologies, regardless of plant 
genotype. Fragments without apical meristem showed a tendency to produce more branches than 
fragment with apex (1.3 ± 0.42 and 2.1 ± 0.27 branches, versus 0.45 ± 0.15 and 2 ± 0.16 branches) 
(Fig. 3.2C; Table 3.3). Moreover, branches in plants grown from those cuttings were significantly 
longer (6.2 ± 0.63 and 4.31 ± 0.43 cm for fragments without apex, versus 2.05 ± 1.08 and 1.05 ± 
0.39 cm for fragments with apex) (Fig.3.2D; Table 3.3).  
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Figure 3.2 Morphological variables of plants obtained from fragments with and without apex, 
belonging to two different clones: a) number of shoots, b) total rhizome length (cm), c) number of 
branches, d) average branch length (cm), and e) maximum leaf length (cm). Bars represent ± 1 SE. 
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Table 3.3 Summary of results of separate ANOVAs for morphological and growth variables 
(number of shoots, rhizome length, mean branch length, number of branches, maximum leaf length) 
of Cymodocea nodosaplants grown from fragments obtained from different clones and belonging to 
different types. Results ofpost-hocTukey’s LSD tests are also reported. Number of shoots at the 
beginning (No. shoots t0) is treated as a covariable. C1, C2 = clone 1 or 2; A= with apex, WA = 
without apex * = P<0.05,  *** = P< 0.001.  
 
 No. Shoots Rhizome length (cm) Mean branch length (cm) 
 
Source d.f. MS F MS F MS F 
 
No. shoots t0 1 4.13 0.43 13.63 0.32 7.69 1.67 
Clone = C 1 0.10 0.00 0.76 0.00 16.23 8.17 
Type = T 1 1.95 0.06 297.10 0.49 128.62 47.74** 
C x T 1 43.58 4.52* 832.66 19.7*** 1.91 0.41 
Residual 35 9.64  42.27  4.61  
        
Tukey's LSD  A: C2 > C1 
 WA: C1 > C2  
 C1: WA > A  
        
 
 No. Branches Maximum lef length (cm) 
 
Source  d.f. MS F MS F  
 
No. shoots t0 1 0.40 0.46 1.15 0.12 
Clone = C 1 1.88 1.35 0.31 0.01 
Type = T 1 12.05 9.62 6.93 0.19 
C x T 1 1.41 1.60 46.71* 4.67 
Residual 35 0.88  10.01 
        
Tukey's LSD C2: A > WA     
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3.3.2 Establishment of newly regenerated plants for field experiments 
 
All fragments transplanted in the first site survived to the end of the experimental period, while 
in the second site only 12 out of 16 fragments (75%) survived. Survival did not differ among sites 
(χ2 = 4.57, P= 0.03). Regeneration was observed in all surviving fragments. At the beginning of the 
experiment, fragments transplanted in the two study sites were homogenous in terms of number of 
shoots (4.45 ± 0.24 and 4.31 ± 0.21 shoots in the two sites, respectively; F1,30= 0.332, P = 0.569).  
The number of shoots of transplants increased during the summer months of 2010. In the first 
site, number of shoots reached a maximum of 6.47 ± 0.88 in September, while in the second site a 
maximum of 5.5 ± 0.74 shoots was measured in August 2010. In October 2010, the number of 
shoots showed a consistent decline (2.4 ± 0.32 shoots in the first site, 2.25 ± 0.31 shoots in the 
second), followed by a new increase in the following spring (May 2010), when fast C. nodosa 
vegetative growth resumed, and number of shoots reached again the maximum values measured in 
the previous season (6.42 ± 0.57 and 5.5 ± 0.78 shoots for site 1 and 2 respectively) (Fig.3.3).  
 
Figure 3.3 Number of shoots of Cymodocea nodosa transplants, grouped for site, in different 
sampling dates. Only plants that were alive at the end of the experiment were considered (n=12). 
Bars represent ± 1 SE. 
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In summer 2010, shoot morphology of transplanted plants was similar to that of C. nodosaplants 
naturally occurring in the study area: shoots had a mean of 3.4 ± 0.22 leaves in controls and 3.5 ± 
0.22 leaves in transplants, and maximum leaf length was 7.24 ± 0.47 and 8.2 ± 0.47 cm for control 
and transplants respectively. At the end of the experiment, the number of leaves per shoot was still 
similar in the two treatments (2.8 ± 0.29 leaves for controls 3.1 ± 0.22 leaves for transplants) while 
maximum leaf length was significantly lower in transplants than in controls (8.64 ± 0.82 cm versus 
5.84 0.54 cm) (Fig.3.4, Table 3.4).  
 
 
Figure 3.4 a) Maximum leaf length (cm), andb) number of leaves per shoot, of control natural 
plants and transplanted plants, measured in September 2010 and May 2011 (n=10). Bars represent ± 
1SE. 
 
 
Table 3.4 Summary of results of one-way ANOVA for maximum leaf length and number of leaves 
per shoot of Cymodocea nodosa transplanted fragments and natural control plants, a) in September 
2010 and b) in May 2011. For each time period separately, Bonferroni adjustment for multiple 
comparison, with α = 0.025, was used. *=P<0.025. 
 
 
 a) September 2010 b) May 2011   
 
 Max leaf length (cm) No. leaves Max leaf length (cm) No. Leaves 
 
Source d.f. MS F MS F MS F MS F 
 
Treatment = T 1 4.61 2.07 0.05 0.1 39.2 8.08* 0.45 0.65 
Residual 18 2.22 0.49 4.85 0.69  
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At the end of the experiment, in May 2011, significant effects of local environmental factors on 
plant growth were not evidenced (Table 3.5). Rhizome length had increased from 7.5 cm to 12.3 ± 
1.14 cm in the first site and to 13.06 ± 1.43 cm in the second site during the study period (Fig. 
3.5B). The maximum number of new branches produced per plant was 3 (mean branch number of 
0.5 ± 0.26 and 0.17 ± 0.11 branches in site 1 and 2 respectively), and maximum branch length was 4 
cm (mean branch length was 0.15 ± 0.08 cm in the first site, 0.03 ± 0.02 cm in the second site) (Fig. 
3.5C-D). Maximum leaf length was similar in the two sites (8.7 ± 0.61 and 10.16 ± 0.84 cm) 
(Fig.3.5E). Univariate ANOVAs did not detect differences between the two sites for any 
investigated variable (Table 3.6). 
 
Table 3.5 PERMANOVA on Euclidean distances of a set of 5 morphological and growth variables 
(number of shoots, rhizome length, number of branches, mean branch length, maximum leaf length) 
of Cymodocea nodosa plants transplanted in different sites. Each test was based on 9999 
permutations of residuals under the reduced model.  
 
 
Source d.f. MS Pseudo-F P 
 
Site 1 5.96 1.20 0.328 
Residual 22 4.96 
 
 
Table 3.6 Summary of results of separate ANOVAs for morphological and growth variables 
(number of shoots, rhizome length, mean branch length, number of branches, maximum leaf length) 
of Cymodocea nodosa transplants growing in different sites. 
 
 
 No. Shoots Rhizome length (cm) Mean branch length (cm) 
 
Source df MS F MS F MS F 
 
Site 1 3.60 0.18 5.04 0.90 0.67 1.38 
Residual 22 20.17 5.63 0.48  
 
 
 No. Branches Maximum leaf length (cm) 
 
Source df MS F MS F 
 
Site 1 0.11 1.40 12.91 1.98   
Residual 22 0.08 6.53  
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Figure 3.5 Morphological variables of plants obtained transplanted fragments: a) number of shoots, 
b) total rhizome length (cm), c) number of branches, d) mean branch length (cm), and e) maximum 
leaf length (cm). Bars represent ± 1 SE. 
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3.4 Discussions 
 
The methodology for production of C. nodosa plant material proposed in this study encountered 
a high success, as suggested by the high rate of survival and regeneration measured both in the 
propagation of fragments and in field transplantation. 
To our knowledge, this study is the first in which C. nodosa seedling are cultured in artificial 
conditions for a time span superior to 4 months (Pirc et al. 1986; Buia & Mazzella 1991), and 
vegetatively propagated to produce new plant material. Mother clones obtained from seeds in 
aquaculture tanks were well developed and had a large size, reaching a total rhizome length of ca. 7 
m each. Their growth rate (162.27 and 177.05 cm year-1 respectively for the two plants) falls within 
the range recorded in C. nodosa patches in natural conditions (from 7 to 204 cm year-1, with a mean 
of 40 cm year-1; Marbà & Duarte 1998). This indicates that plants had successfully acclimated to 
semi-controlled conditions.  
Cutting of mother clones into fragments allowed the production of a healthy plant stock from 
which new fragments could be excised and regenerated into new plants in the natural environments. 
Regeneration rate, which resulted higher for fragments with apex, was influenced by fragment 
typology alone, while the performance of regenerated fragments was affect both by typology and 
genotype acting in an interactive way. Rhizome length, number of shoots and maximum leaf length 
varied between the two typologies, but the pattern of variation depended on the genotype. In 
general, while fragments of the first mother clone showed higher growth when deprived of the apex, 
for fragments of the second clone the contrary was observed. Only branch length showed a 
consistent trend in the two genotypes, with higher values in fragments without apex. This latter 
result may probably be ascribed to C. nodosa growth modality, and to the presence of apical 
dominance (Terrados et al. 1997a). Elimination of the apical meristem promotes, on the remaining 
horizontal rhizome, “regenerative branching” (Tomlinson 1974): the growth form of the closest 
vertical rhizome changes into horizontal growth, and a lateral branch is then formed (Terrados 
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1997a). The newly formed branch represents the main axis of the rhizome, along which extension 
and space colonization are continued; apical dominance is established again, so the total number of 
branches does not show a net increase. This is in accord with the higher branch length, not coupled 
to a higher branch number, which was detected in fragments without apex. The “regenerative 
branching” process, and the consequent, costly replacement of the apical meristem (Terrados 
1997a), may also explain why the regeneration rate in fragments without apex was lower, at least in 
the investigated time span. Tank-specific conditions, like the availability of nutrients and the 
absence of competition for light, probably had a role in sustaining the growth of apical meristems, 
which are considered sinks for resources, and in natural patches strongly rely on clonal integration 
to maintain rhizome growth (Terrados et al. 1997b). Results of the present work suggest that 
genotypic variability result in intra-specific variability in plant morphology and growth. Intra-
specific variability in phenotypic expression has been described in a large number of seagrass 
species; in particular it has been observed that rhizome elongation rates, branching frequency and 
branching angles vary by approximately 72, 34 and 36%, respectively, within any one seagrass 
species (Marbà & Duarte 1998; Kendrick et al. 2005). This variability, however, has often been 
linked to environmental or allometric (size-related) factors. For example, intra-specific variability in 
C. nodosa rhizome elongation has been ascribed to space availability, as shown by greater extension 
rates in rhizome apices growing at the periphery of clones than those growing at their centres 
(Marbà & Duarte 1998). However, in this study, differences in growth were observed between 
genetically different fragments subjected to the same experimental conditions, including space 
availability. This suggests that intra-specific variability may depend on the genetic structure of the 
population, other than on the influence of local factors or on plant size. Variability observed in 
genetically different plants could result in a different capability to adapt to the environment, or to 
withstand stresses and disturbance processes. Seagrasses genotypic diversity could have an 
important role in ecosystem functioning since recent studies, experimentally demonstrated as 
genetically diverse populations show enhanced resilience to different disturbances or higher settling 
52 
 
success compared to less diverse populations (Hughes & Stachowicz 2004;Gamfeldtet al. 2005; 
Reusch et al. 2005; Reusch & Hughes 2006; Ehlers et al. 2008). Further study, considering a higher 
number of different genotypes, would be beneficial in understanding the role of genetic diversity on 
C. nodosa propagation and reestablishment to natural conditions. A longer experimental period 
would also allow us to elucidate if observed differences in fragment performances are consistent 
through time and in different moments of the vegetative season. 
From the point of view of propagation of the material and production of suitable plants to 
reintroduce in the sea, it is not easy to decide which fragment type should be chosen to maximize 
success of propagation projects; the decision is confused by the presence of inter-specific 
variability. To maximize the production of transplanting material, fragments without apex should 
probably be preferred, since they seem to show a higher growth. However, since this experiment 
was limited to two genotypes, response of other genotypes could differ from what observed; in the 
context of a restauration plan, a wiser choice would hence be to spread the risk (van Katwijk et al. 
2009) by propagating both types of fragment, and using different genotypes as a source of material.  
Establishment of propagules of newly regenerated plants in the field encountered a good success, 
at least in one of the two areas. The high loss of plants observed in the second area is probably due 
to micro-environmental conditions (hydrodynamism, substratum composition and stability, 
morphology, depth, light) or anthropogenic influence (trampling). As modest or hardly detectable as 
these differences may have been, they were sufficient to make the second area scarcely suitable for 
establishment of C. nodosa propagules. Establishment success varied at a smaller spatial scale as 
well. Percentage of surviving plants, in fact, was statistically different in the two sites of the first 
area. In general, reported survival was high in both sites; the first one, however, seemed to be more 
appropriate for establishment of seagrass cuttings. These findings suggest that local heterogeneity 
may severely affect the outcome of transplanting efforts. Spatial variability in survival rate of 
transplanted seagrasses, mainly due to spatially heterogeneous abiotic and biotic factors, has been 
reported at different scales in restoration studies (Durako et al. 1993; Bird 1994; Curiel 1994, 2005; 
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van Katwijk et al. 2009). This issue is considered crucial for the success of revegetation programs, 
to the point that in restoration guidelines spatial replication of transplanting at different scales has 
been suggested as a sensible measure to spread risks of plant loss (van Katwijk et al. 2009). 
Survival rate of transplanted plants in the first area (87.5%) was comparable with results of 
studies in which vegetative propagation of C. nodosa on the field from rhizome fragments collected 
in a donor meadow (76% survival after 7 moths, Curiel et al. 2005). Since the methodology here 
described had the added advantage of a reduced damage to the donor meadow, it may be of 
considerable interest for seagrass restoration projects. Morphological variability in surviving plants 
due to local environmental conditions, instead, was not detected. In general, transplants showed a 
good readjusting to the natural environment, as evidenced by their growth and by the similarity to 
naturally occurring plants, at least in terms of number and maximum length of leaves. This, other 
than being a positive indicator of readjustment success, suggests that, when subjected to 
experimental manipulation, those plants may provide a realistic description of the effects of a given 
factor in natural conditions.  
In conclusion, in this study plant material, large enough in size to survive and readjust in the 
natural environment, and as homogeneous as possible in size, age, origin and growth conditions, 
was successfully provided. This was accomplished while keeping damage to natural donor 
populations to the minimum; in fact the only impact on natural seagrasses involved by this method 
is the one-time collection of a limited number of seeds. Results of this study work have 
considerable implications for seagrass conservation and restoration, which may highly profit from 
the technique here developed. 
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Chapter 4 
 
Vegetative propagation and transplanting of the dune plants for use in dune restoration 
programs: a multi-scale approach 
 
4.1 Introduction 
 
Coastal sand dunes support a broad range of flora and fauna and provide a number of valuable 
goods and ecosystem services (Martínez et al. 2004, 2007; Everard et al. 2010; Gutiérrez et al. 
2010), including protection of the shoreline from coastal erosion (Schlacher et al. 2007; Defeo et al. 
2009). In spite of their ecologic and economic value, coastal dunes are currently threatened 
worldwide by anthropogenic pressure and climate change-driven alterations (Salman & Strating 
1992; Gómez-Pina et al. 2002; Brown & McLachlan 2002; van der Meulen et al. 2004; Feagin et 
al. 2005; Maun & Fahselt 2009), hence they are listed as priority natural habitats according to the 
regulations of some countries (e.g. Europe: Habitats Directive 92/43/EEC, 1992; USA: Endangered 
Species Act, 1973; Australia: Commonwealth Environment Protection and Biodiversity 
Conservation Act, 1999; New Zealand: Resource management Act, 1991). To counteract extensive 
losses of dune habitats reported worldwide, efforts for restoring degraded dunes systems have been 
made in recent decades in various parts of the world (USA, Woodhouse 1982; Nordstrom et al. 
2000, 2002; Miller et al. 2001; Europe: Salman & Strating 1992; AGENC 1994; De Lillis 1997; 
Tinelli et al. 1998; Greipsson 2002; Gómez-Pina et al. 2002; Rozé & Lemauviel 2004; Escaray et 
al. 2010; South Africa: Avis 1989; Hertling & Lubke 2000; Australia: Clements et al. 2010; South 
America, Zamith & Scarano 2006). Restoration protocols involving reinforcement of the 
deteriorated dune structure through beach nourishment and/or introduction of sand trappers and 
fences, in conjunction with re-introduction of sand-binding vegetation, have generally proven 
successful (Pickart 1990; Gómez- Pina 1999; van der Salm & Unal 2001; Doody 2001; De Lillis et 
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al. 2004; Rozé & Lemauviel 2004; Escaray et al. 2010). Since sand-binding dune plants play a 
decisive role in stabilizing restored or artificially built dunes (Dahl & Woodard 1977; van der 
Maarel 1993), success of restoration programs largely depends on the selection and production of 
suitable planting units. The development of cost-effective protocols for producing vegetal material 
to be used in restoration projects is therefore of great interest. Plant material currently employed in 
restoration activities mainly comes from seeds or from vegetative propagation of cuttings taken 
from established plant stands (Lewis 1982). Use of rhizome fragments uprooted by hurricanes and 
deposited as wrack material (Miller et al. 2003) and micro-propagation (Valero Aracama et al. 
2008), i.e. the in vitro propagation of plant species starting from cells, tissue, or organs, have also 
been suggested; however, these techniques are still in early developmental phases.   
Direct seeding or transplanting of seed-grown plants may represent a cost-effective way to 
produce transplanting units without damaging existing dune populations. However, this technique is 
often difficult to apply. Seed supply of non- prolific species may be inadequate to meet the needs of 
large-scale restoration programs (Huiskes & Harper 1979; Woodhouse 1982; Gomes-Neto et al. 
2006). In temperate zones the reproductive period of many dune species, and hence the time 
window of seed availability, is limited to a few months (Gratani et al. 2007). Seed germination may 
be sporadic in natural conditions (Breen et al. 1997), and seeds growing in bare sand have a high 
probability of becoming uncovered or buried too deeply before they can germinate (Lewis 1982). 
Survival of seedling may be also low (Wagner 1964). Conversely, plant cuttings (fragments of 
rhizomes or shoots) may be easily acquired from natural stands year-round (Woodhouse 1982; 
Balestri et al 2012) and are likely to encounter a higher survival rate (Lewis 1982). Success of this 
technique may be hindered by the inability of cuttings, especially single shoots and culms, to 
develop an extensive root system (Craig et al. 1981; Rozema et al. 1985; Hesp 1991; Maun 1998; 
Thetford & Miller 2002; Gomes-Neto et al. 2006) and survive when detached from the main clone. 
In order to maximize transplanting success, maintenance of fragments in nursery condition prior to 
transplant in the target area is generally advised (Woodhouse 1982; Gomes-Neto et al. 2006). 
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Favourable nursery conditions, such as nutrients, moisture and light availability, lack of competition 
and lack of environmental stress factors typically occurring in sand dunes, would allow fragments 
to regenerate and produce well-developed structures capable of withstanding stressful field 
conditions (nutrient and water limitation, substratum instability; Barbour et al. 1985; Zhang 1996; 
Gilbert et al. 2008) that will be imposed upon transplanting (Gomes-Neto et al. 2006). 
Transplanting efficiency would therefore be drastically improved.  
In this study, the potential for vegetative propagation and transplanting of young nursery-grown 
clones of a widespread sand-binding species, Sporobolus virginicus Kunth, was evaluated in a 
Mediterranean dune system. This species has a high potential for use in dune restoration programs 
(Woodhouse 1982; Balestri et al. 2012) because of its capability to withstand high levels of 
environmental stresses, such as sand burial (Clayton 1974), salinity (Marcum & Murdoch 1992), 
waterlogging (Naidoo & Naidoo 1992), and high heavy metal concentrations in the soil (Garcia et 
al. 2003). However, to our knowledge, detailed studies on S. virginicus propagation and 
transplanting are scant (Converio et al. 2007, Converio 2008; Balestri et al. 2012). The technique 
here applied was aimed at obtaining plant material uniform in terms of physiological and growth 
conditions and of sufficient size and vigour to successfully re-adapt to natural conditions, at the 
same time limiting the amount of material to be taken from natural S. virginicus stands.  
Moreover, survival of transplanting units in a restored dune system may be affected by local 
environmental conditions, such as stress gradients, topographic features, soil properties and wind 
exposure (Woodhouse 1982), which can vary in space not only across, but also along-shore within a 
single dune system, often over small distances (Stallins & Parker 2003; Maun 2009). Transplanting 
success of similar planting units could hence be not consistent in space, even at small scales 
(Woodhouse 1982); however, to our knowledge, this issue has rarely been explicitly addressed. 
Therefore, in this study the ability of regenerated plants to re-adapt to ambient conditions was 
assessed through a design that involved two different spatial scales, areas (stretch of dunes hundred 
of meters wide, hundreds of meters apart) and sites nested within each area (tens of meters wide, 
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tens of meters apart). Spatial differences in plant growth were evaluated four months after 
transplanting by taking into account several morphological and growth variables. Hence, our main 
objectives were (i) to evaluate the success rate of nursery vegetative propagation and re-adaptation 
to ambient conditions in a widespread dune species of potential interest for restoration programs, 
and (ii) to assess eventually differences in transplant survival and growth at different scales. The 
results, as observed for Cymodocea nodosa in Chapter 3, are relevant not only for restoration 
programs but also for the development of the manipulating experiment described in Chapter 6. 
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4.2 Materials and methods 
 
4.2.1 Collection of vegetal material and production of stock plants 
 
On 2 October 2009, S. virginicus material for vegetative propagation was collected from a 
calcareous dune system located in Rosignano Solvay in the north-western Italy (43°19’01.75N, 
10°27’52.76E). In order to minimize the impact on natural plant populations, a minimum material 
was collected, trampling and mechanical damages to the local plant communities were kept to a 
minimum, and collection was performed at the end of the species reproductive season, which in the 
Mediterranean lasts from June to September (Gratani et al. 2007). Long S. virginicus horizontal 
rhizome protruding from the substratum were carefully excavated and severed from the rest of the 
clone. Rhizomes were collected in a narrow dune stretch possibly colonized by one or few clones, 
to minimize a possible source of uncontrolled genetic heterogeneity. To avoid thermal stress and 
excessive transpiration, they were wrapped in damp cloth and covered with black plastic bags. Plant 
material was transported in a nursery managed by Italian State Forestry Department (Corpo 
Forestale dello Stato) located in Marina di Cecina (Livorno, Italy). Rhizome segments were cut in 
unbranched fragments, 8 cm long and bearing at least two live shoots; only fragments without 
terminal apical meristem were used, because previous vegetative propagation experiments with 
apical S. virginicus cuttings had not proven successful (E. Balestri and F. Vallerini, personal 
communication). Fragments were placed in individual pots, 10 cm in diameter and 30 cm deep, 
filled with a 1:1 mix of fine beach sand and potting soil, and watered. A total of 216 fragments were 
planted. Pots were positioned in full sun and exposed to natural daylight, temperature and weather 
conditions for six months. During late fall of 2009 and winter of 2010 a temporary nylon cover held 
by metallic poles was placed over the pots to prevent the plants from being smothered by snow and 
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excessive rainfall. Soil moisture and plant vitality were checked monthly, and pots were kept free of 
weeds. On April 2010, survival of plants grown from fragments was estimated. 
 
4.2.2 Field transplantation  
 
On 16 April 2010, 24 viable plants grown from cuttings were chosen for the transplanting 
experiment, tagged and transported to the study area. Regeneration success of nursery-grown 
fragments was estimated from the subset of plants employed for transplantation: plants that had 
produced at least one bud or branch were considered regenerated. Transplanting was organized 
according to a nested experimental design that involved two different spatial scales, area and site. 
Two areas, separated by hundreds of metres (ca. 100 m 2 wide), were haphazardly selected along the 
Rosignano dune system; in each area two sites, tens of metres apart, (ca 10-15 m2 wide) were in 
turn randomly chosen. 6 plants were planted in each site, at a distance of at least 1 m; in total 24 
plants were planted. The transplanting process was completed in two consecutive mornings, in 
conditions of sunny weather. Plants were carefully extracted from pots and photographed; number 
of shoots, number of branches, rhizome length and maximum shoot height were measured. Roots 
were gently cleaned from the potting medium before inserting into the substratum. After planting, 
plants were watered to help them overcoming severe transplant shock, and allowed to grow until the 
end of August 2010. During this period the viability of plants was checked at least once a week. At 
the end of the experiment, survival percentage was assessed. The root system of surviving plants 
was gently excavated to remove plants from the substrate. Plants were transported to the laboratory 
where morphological characteristics (rhizome length, number of shoots, maximum shoot height, 
number of branches, number and length of vertical internodes measured on the highest shoot), and 
the number of reproductive shoots per plant were recorded. Plants were then separated into shoot, 
roots and rhizomes and dried at 60 °C until they reached constant weight (dry weight, DW) to 
determine the respective biomasses of plant parts. Root to shoot ratio, which reflects the differential 
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investment of photosynthates between the above-ground and below-ground organs (Titlyanova et 
al. 1999), was also calculated by dividing below-ground (root and rhizome) by above-ground 
(shoot) biomass (g g-1 DW). 
 
4.2.3 Data analysis 
 
Proportion of regenerated fragments assigned to the different sites was compared across the four 
sites of transplantation by means of a chi-square test (Sokal & Rohlf 1981) with a significance 
level, α, of 0.05. Differences in plant survival between areas and sites were also estimated through a 
chi-square test (α = 0.05). At planting, the homogeneity in size of transplanting units assigned to 
different areas and sites was checked through permutational multivariate analysis of variance 
(PERMANOVA; McArdle & Anderson 2001) on the basis of four morphological variables, number 
of shoots, number of branches, rhizome length and maximum shoot height. The experimental 
design included the terms area (random effect, two levels) and site (random effect, nested within 
area, two levels). Final morphological and growth data (number of shoots, number of branches, 
rhizome length, maximum shoot height, and biomass of shoots, roots and rhizomes) were 
investigated through PERMANOVA following the same design. Because of the loss of one plant in 
one area, unbalanced PERMANOVA with type III sums of squares was performed on final data 
(Anderson et al. 2008). Prior to performing PERMANOVAs, data were normalized to convert all 
measures to a commensurable scale, then Euclidean distances between replicates were calculated. 
Significance levels for multivariate analyses were calculated from 9999 permutations of the 
residuals under the reduced model. When the number of exchangeable units, and consequently of 
unique permutations, for a given term was not reasonably high, Monte Carlo probability values 
were employed (Anderson & Robinson 2001). Since multivariate analyses did not detect the 
presence of significant variability at any of the two scales investigated, variables of interest were 
not separately analyzed (protected ANOVA sensu Scheiner 1993). Univariate analyses of variance 
68 
 
were instead performed on total plant and root to shoot ratio; the missing replicate was substituted 
with the mean of that particular site and one degrees of freedom was subtracted from the total 
degrees of freedom of the residual mean square (Snedcor & Cochran 1980). 
Statistical software R version 2.12.2 (R Development Core Team) was used for the chi-square 
test, while PERMANOVA was run through PRIMER 6 with PERMANOVA+ add-on (Clarke & 
Gorley 2006; Anderson et al. 2008).   
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4.3 Results 
 
The survival of plants of S. virginicus obtained from vegetative propagation was high, with 198 
out of 216 fragments alive at the end of the experimental period (96%).  
Among the 24 transplanted fragments, 15 (62.5%) had produced new branches, and were thus 
considered as regenerated. The percentage of regenerated fragments was 66.7% and 50% for the 
two sites in the first area, 83.3% and 50% in the second area. The proportion of regenerated 
fragments assigned to the four sites was similar (χ2= 2.22, .d.f. = 3, P = 0.528).  
At planting, fragments assigned to different areas and sites were homogeneous in size and 
morphological characteristics, as evidenced by PERMANOVA (Table 4.1). Fragments had a mean 
(± SE) of 2.71 ± 0.16 shoots and 1 ± 0.21 branches. Maximum shoot length was on average 9.95 ± 
0.62 cm, while the horizontal rhizome was 9.28 ± 0.48 cm long (Fig. 4.1a, c, e, g).  
 
Table 4.1 PERMANOVA on Euclidean distances of a set of five morphological and growth variables 
(number of shoots, rhizome length, number of branches, mean branch length, maximum leaf length) of 
Sporobolus virginicus randomly assigned to different areas and sites at the beginning of the experiment. 
Each test was based on 9999 permutations of residuals under the reduced model.  
 
 
Source d.f. MS Pseudo-F P 
 
  
Area 1 8.02 1.53 0.282 
Site(Area) 2 5.23 1.42 0.200 
Residual 20 3.68 
 
70 
 
At the end of the experiment, one plant in the second site of the first area disappeared due to 
unknown reasons. All of the remaining plants survived until the end and produced at least one new 
shoot each. Multivariate analysis on the main morphological and growth variables did not detect 
differences in plant growth at any of the investigated scales (Table 4.2). Spatial differences in plant 
growth were not detected by ANOVAs on total biomass and root to shoot ratio either (Table 4.3). 
Plants had a mean of 3.32 ± 0.26 shoots and 1.49 ± 0.23 branches, plant rhizome was 10.36 ± 1.36 
cm long and mean shoot height was 12 ± 0.93 cm (Fig. 4.1b, d, f, h). The largest part of plant 
biomass consisted of shoots (0.29 ± 0.04 g, vs. 0.07 ± 0.01 and 0.15 ± 0.02 g, respectively, for roots 
and rhizomes). As a consequence, mean root to shoot ratio, 0.38 ± 0.04, was inferior to one, 
indicating a preferential allocation of biomass to above-ground plant parts (Figure 4.2).  
No reproductive structures were observed in transplants. 
 
 
Table 4.2 PERMANOVA on Euclidean distances of a set of nine morphological and growth variables 
(number of shoots, number of branches, rhizome length, maximum shoot height, and biomass of shoots, 
roots and rhizomes) of Sporobolus virginicus plants regenerated from fragments and grown in different areas 
and in different sites within each area (n = 3). Each test was based on 9999 permutations of residuals under 
the reduced model. 
 
 
Source d.f. MS Pseudo-F P 
 
 
Area  1 9.69 1.09 0.415 
Site(Area)  2 8.93 1.34 0.232 
Residual 20 6.67 
 
 
Table 4.3 Summary of results of ANOVA analyses for total biomass and root to shoot ratio of Sporobolus 
virginicus plants grown in different areas and in different sites within each area (n = 3). Number of degrees 
of freedom was corrected to account for a missing replicate. 
 
 Total biomass (g DW) Root to shoot ratio  
 
Source d.f. MS F MS F 
Area 1 0.11 1.60 1.21 0.97 
Site(Area) 2 0.07 0.75 1.25 1.22 
Residual 19 0.09 1.02 
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Figure 4.1 Mean (± 1 SE) number of shoots (a, b), rhizome length (c, d), number of branches (e, f) and 
maximum shoot height (g, h) for Sporobolus virginicus plants in each of the two areas and sites, at the 
beginning of the experiment (April 2010, a, c, e, g) and at the end (August 2010, b, c, d, h). n = 3.  
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Figure 4.2 Mean values for (± 1 SE) biomass of shoots (a), rhizomes (b) and roots (c), total biomass (d), and 
root to shoot ratio (e) for Sporobolus virginicus plants in each of the two areas and sites at the end of the 
experiment. n = 3.  
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4.4 Discussion 
 
In the present study, Sporobolus virginicus plants potentially suitable for restoration programs 
were produced through a commonly used technique, i.e. the nursery propagation of cuttings 
detached from established stands. The use of cuttings, or young clones already regenerated from 
cuttings, may be the only suitable technique to efficiently re-establish S. virginicus stands, since for 
this species recruitment from seed is considered rare in natural conditions. S. virginicus does not 
produce a high number of seeds (Leithead et al. 1971), and germination only occurs when seeds are 
unburied and stranded on a moist surface with salinities lower than 15 (Breen et al. 1977).  
Our results showed that propagation encountered a high success, both in terms of survival (96%) 
and regeneration (62%) of the fragments. Moreover, all of the fragments, regenerated and not, were 
able to successfully re-adapt to ambient conditions (100% survival), at least in the experimental 
period. Success rate of propagation and transplanting experiments for this species has rarely been 
explicitly addressed in experimental studies. Vegetative propagation of S. virginicus rhizome 
cuttings to obtain suitable material for experimental manipulations is reported in many of the 
studies concerning this species' adaptive responses to stress condition. Most of these studies were 
performed in greenhouse or growth chamber conditions, and plant cuttings were grown in pots or 
trays (Naidoo & Naidoo 1992, 1998; Naidoo & Mundree 1993; Bell & O’Leary 2003) or 
maintained in hydroponic culture (Blits & Gallagher 1991; Marcum & Murdoch 1992); fertilization 
with nutrient-rich mixtures was generally involved. However, if these studies demonstrate that 
propagation of S. virginicus vegetative material is indeed easily achieved, at least in controlled, 
nutrient enriched conditions, no precise information on regeneration success or on the ability of 
regenerated cuttings to re-adapt to the natural environment is generally given, as such information 
was beyond the experimenter immediate scope. More detailed information on this topic comes from 
two recent studies carried out on Italian populations of S. virginicus and specifically aimed at 
evaluating restoration techniques (Converio 2008; Balestri et al. 2012). Converio (2008), in the 
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context of an extensive restoration program of Focene dunes (Rome, Italy), employed two different 
techniques to re-establish S. virginicus populations: transplant of young clones grown from cuttings 
in nursery conditions, and direct transplant of cuttings from the donor population in the target area. 
Success rate of the first technique was comparable with the results of the present study: both 
propagation of rhizome cuttings containing at least three nodes and transplant of such material had a 
100% success rate. Instead, 50% of the cuttings directly inserted in the target dune did not survive, 
probably because their size and physiological conditions were not sufficient to overcome stressful 
environmental conditions (Converio 2008).  
An alternative to the use of rhizome fragments as a source of plant material is the use of single 
shoots. Production of plants through this method would require a lower amount of source material, 
and hence reduce the impact on natural populations; however, regeneration of single shoots or 
culms may be more difficult than regeneration of rhizome segments. In particular, survival of 
detached shoots is mostly limited by the inability of some dune species to rapidly develop a well-
structured root system (Craig et al. 1981; Thetford & Miller 2002; Gomes-Neto et al. 2006), hence 
the use of plant growth regulators has been suggested in order to enhance root development. The 
performance of S. virginicus single-shoot cuttings, the possible stimulatory effect exerted by 
different types of plant growth regulators and the capability of plants regenerated in growth 
chamber to establish in natural conditions were investigated in a recent study conducted in the same 
dune system in which our experiment took place (Balestri et al. 2012). Without plant growth 
regulators, both regeneration (40%) and establishment success (35%) of cuttings were considerably 
lower that those measured in our study. Cuttings performance was significantly improved when 
they were treated with hormones, kinetins in particular; however, transplant success (75%) did not 
reach that measured in our study. Overall, rhizome cuttings here employed appear to have a higher 
capability to re-establish in natural conditions than shoot cuttings; however, some caution is warrant 
when interpreting these results, as experimental period lengths and conditions in the two studies 
were different. 
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On average, S. virginicus plants grown in the present study showed a good adaptation to ambient 
conditions and presented a slight increase in size in comparison with the beginning of the 
experiment. The lack of a conspicuous increase in plant size may be due to the particular period 
chosen for the experiment; in fact, as for many dune species growing in temperate zones, S. 
virginicus vegetative growth in the Mediterranean is usually halted during the summer months due 
to unfavourable environmental conditions, such as high temperatures and extended drought (Gratani 
et al. 2007). Since the experimental period mostly spanned these unfavourable months, it is not 
surprising that transplanted plants did not show a marked increase in size in comparison with the 
beginning of the experiment. Transplant shock may also have played a role in the observed plant 
growth. Transplant shock, which describes the negative effects on growth and survival experienced 
by nursery-raised stock when planted into a new environment (Close et al. 2005), is expressed 
through a range of symptoms that include a decreased growth rate of newly planted individuals 
compared to naturally regenerating individuals of the same age, and leaf abscission and mortality 
under severe conditions (Reitveld 1989). In our case, the shift from optimal nursery conditions to 
the stressful conditions of the dune environment may have induced a moderate transplant shock, 
expressed at the beginning of the experiment as a stalling in plant growth for the time span 
necessary to acclimate. In any case, a higher increase in size would have been probably observed if 
plants had been allowed to grow for a longer time span, overcoming seasonal and transplant-driven 
stress causes. 
No differences in plant growth or survival were observed at the two different spatial scales 
investigated. Spatial differences in transplant growth have rarely been explicitly addressed in dune 
restoration studies; however, it has been often observed that success of a transplanting program may 
be dramatically hindered by uncontrollable factors such as dune blow-outs, washouts and sand 
burial, which are highly variable both in space and in time (Woodhouse 1982). In the present study, 
no negative effects of local environmental factors were observed on transplanting success and 
adaptation of plants to ambient conditions. This suggests that the success of restoration programs 
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involving S. virginicus plants would not be affected by small-scale variability. This consideration, 
however, could be a simplification, since in the present study only two small-medium spatial scales 
were taken into account. 
In conclusion, our results suggest that vegetative propagation from rhizome cuttings maintained 
in nursery conditions may be appropriate for the production of a large number of vigorous, well-
developed S. virginicus plants to be successfully employed in restoration or in possible 
experimental manipulations. The high efficiency here evidenced would limit the demand of plant 
material from donor populations, hence keeping damages to existing dune populations to a 
minimum. Costs and time effort related to replacement of dead plants would also be limited.  
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Chapter 5 
 
Seagrass response to increased nutrient availability and burial: implications for survival and 
growth in a changing climate 
 
5.1 Introduction 
 
Seagrasses are the most primary producers in the world (Zieman 1987; Duarte & Chiscano 1999; 
Duarte 2002), and provide numerous valuable coastal ecosystem functions, services and goods 
(Costanza et al. 1997). Seagrass populations are extremely vulnerable to anthropogenic 
disturbances, and are declining worldwide at a rate of 2-5% per year (Walker & McComb 1992; 
Abal & Dennison 1996; Duarte 2002; Kendrick et al. 2002; Green & Short 2003; Burkholder et al. 
2007; Cabaço et al. 2008; Duarte et al, 2008; Waycott et al. 2009; Short et al 2011). A variety of 
physical alterations in the marine environment resulting, directly or indirectly, from global change 
(such as increasing sea surface temperature, sea level, frequency and intensity of storms and inputs 
of terrestrial-derived nutrients) are expected to further threaten in the coming decades seagrasses 
meadows, possibly accelerating the loss of some species (Vitousek et al. 1997; Foley et al. 2005; 
Kemp et al. 2005, Orth et al. 2006; Walker et al. 2006; Galloway et al. 2008; Waycott 2009; 
Grizzetti et al. 2011). Concerns over maintaining the provisions of seagrass ecosystem services 
have stimulated major efforts to anticipate and prevent further meadow losses (Hemminga & Duarte 
2000; Duarte 2002; Orth et al. 2006).  
Predicting the biological consequences of global change is quite difficult, as some alterations 
could co-occur, or locally interact with natural environmental factors to impact seagrass meadows 
(Christensen et al. 2006; Ralph et al. 2006; Kenworthy et al. 2006). Increasing evidence indicates 
that the effect of two or more stressors on coastal ecosystems could be predominantly non additive, 
leading to greater (or lesser) changes than expected from the individual effect of each (Christensen 
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et al. 2006; Russel et al. 2009). A number of studies have recently investigated, through 
experimental manipulations of climate variables or observational data, the potential effects of single 
stressors (temperature, sediment dynamics, carbon dioxide concentration) on seagrases (Larkum et 
al. 2004; Palacios & Zimmerman 2007; Diaz-Almela et al. 2007; Cabaço et al. 2008; Marbá & 
Duarte 2010; García et al. 2012). However, the interactive effects of multiple stressors on seagrass 
survival, growth and reproduction remain unexplored. This gap needs to be filled to better 
understand the impact of global change on seagrass populations and establish the most appropriate 
management, policy and conservation strategies to mitigate its effect. 
Predictions indicate that changes in precipitation patterns together with increasing storminess 
(Bromiriski et al. 2003, IPCC 2007) associated with global change would lead to increased nutrient 
inputs and sudden sediment movement (deposition/erosion) in marine environments (Trenberth 
2005). Increased loading of nutrients (particularly nitrogen and phosphorus) and excessive 
sedimentation (burial) are currently considered two of the most important causes of seagrass decline 
(Vitousek 1997; Borum et al. 2005; Ralph et al., 2006; Galloway 2008; Cabaço et al. 2008). 
Studies have shown that enhanced nutrient availability may be detrimental to the health of 
seagrasses, leading to situations of sediment anoxia and toxicity that may reduce shoot longevity 
(Borum & Sand-Jensen 1996; Burkholder et al. 1994, 2007; Ralph et al. 2006). However, this 
adverse effect contrasts with experimental and observational evidence that moderate sediment 
fertilization enhanced photosynthesis rates and promoted the growth of species that are typically 
limited by nutrients, resulting in increased allocation of biomass in above-ground structures (e.g. 
Duarte 1990; Romero et al. 2006). Burial by sediments is a major physiological stress for 
seagrasses inhabiting sandy substrates (Duarte et al. 1997; Cabaço et al. 2008). Burial has been 
shown to affect plants by mechanically damaging structures and reducing the light available for 
photosynthesis, and concurrently inhibit gas exchange causing anoxic sediment conditions and 
production of sulphides (Borum et al. 2005; Terrados 1997), which ultimately may negatively affect 
plant survival and growth (García et al. 2012). However, the effects of burial have been shown to be 
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size-dependent and related to the species life history stage. Large species may withstand periodic 
burial events, by elongating internodes of vertical shoots, leaves and leaf sheats (Patriquin 1975; 
Marbà & Duarte 1994; Marba et al. 1994; Marbà & Duarte 1995; Cabaço et al. 2008; Duarte et al. 
1997; Terrados 1997). In contrast, small-species may be unable to tolerate sudden burial showing 
high shoot mortality at low burial levels (2-4 cm, Cabaço et al. 2008). Newly established plants are 
probably more vulnerable to burial than adults because of nutritional constraints (Duarte & Sand-
Jensen 1996; Balestri et al. 2010) and lack of clonal integration that mediates the effects of burial 
stress (Ooi et al. 2011). There is reason to expect that moderate increases of nutrients in sediments 
will ameliorate burial stress, especially in young plants, enabling plants to faster respond to burial 
by vertical rhizome elongation. But, excessive nutrients will exacerbate burial stress facilitating the 
establishment of anoxic sediment conditions. Seedlings and vegetative fragments are responsible 
for successful establishment of seagrass meadows and recovery after disturbances (Creed & Amado 
Filho 1999; Ramage & Schiel 1999). Since drastic and longer-lasting changes in the sedimentary 
environment could preclude seagrass recovery in the face of global change, elucidating the extent to 
which young individuals respond to the combined effects of increased burial and nutrient 
availability is critical.  
In this study, we investigated through a manipulative full-factorial experiment covering one 
growth season the separate and combined effects of increased nutrient (both N and P) inputs and 
recurrent pulses of sediment burial on the growth and colonization potential of the seagrass 
Cymodocea nodosa (Ucria) Ascherson under future global scenarios. This fast-growing plant was 
chosen as model because of its important ecological role as pioneer species and threatened status in 
the Mediterranean Sea (Buia & Mazzella 1991; Vidondo et al. 1997, Hemminga & Duarte 2000; 
Green & Short 2003). This species grows in highly dynamic substrates and in a wide range of 
nutrient sediment concentrations (Perez et al. 1994; Marbà & Duarte 1994, 1995). Recruitment by 
seed plays a fundamental role in recovery from burial (Duarte & Sand-Jensen 1990, Terrados 1993, 
Vidondo et al. 1997; Balestri et al. 2010). Because seedlings are rare in natural habitats (Duarte & 
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Sand-Jensen 1990), young plants of equal age (1 year old) and similar size produced from nursery-
grown mother plants (Balestri and Lardicci in press) and transplanted into the field prior to the 
experiment were used in the present study. Specifically, we tested the hypothesis that the effect of 
burial and nutrient availability will not interact (additive response), and therefore it may be 
predicted directly from single-factor experiments. Alternatively, the effect of these factors may be 
synergistic (amplifying) or antagonist (cancelling or moderating) producing larger or smaller 
changes than expected based on single-factor results. The experiment was replicated in two sites 
within the same meadow in order to also test for the consistency in space of the growth response.  
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5.2 Methods 
 
5.2.1 Site description and pre- experimental procedure  
 
The experiment was carried out in Punta Lillatro, a sheltered coastal area in Rosignano Solvay 
(Livorno, north-western Mediterranean, Italy; 43°19’01.75 N, 10°27’52.76 E; see Chapter 2 for 
locality description). Available data indicated that the frequency of extreme winds in summer was 
considerably increased during the past decades (Scartazza et al. 2007).  
Before the start of the experiment, C. nodosa clone of equal age and similar size were produced 
from vegetative propagation of nursery-grown mother plants (see Chapter 3 for description of pre-
experimental procedures). Two sites, tens of metres apart and tens of square meters wide, were 
haphazardly selected within the meadow, and 15 C. nodosa fragments were planted in each of the 
two sites. To prevent treatments contamination, they were planted at a distance of at least 0.5 m 
from each other. Fragments were anchored to the substrate using galvanized iron staples (1.8 mm in 
diameter) and allowed to acclimate to local environmental condition and grow for one year. Staples 
were removed 4 months after planting. At the end of May 2011, plants were carefully inspected to 
measure initial morphological and growth characteristics (total rhizome length, number and length 
of branches, number of shoots, number of leaves per shoot and maximum leaf length). Since some 
plants died during the experiment, the number of available plants for the experiment in each site 
was 12. 
 
5.2.2 Experimental design  
 
In each site, surviving plants were randomly assigned to one of the four different experimental 
treatments, according to a factorial combination of nutrient supply (two levels, ambient nutrient 
conditions and nutrient enrichment) and burial (two levels, ambient sedimentation conditions and 
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complete burial). As Cymodocea nodosa shows a clear unimodal annual growth cycle in the 
Mediterranean Sea, with a peak during June and July, and a cessation of rhizome growth from 
October to January (Caye & Meinesz 1985; Terrados & Ros 1992; Vallerini & Balestri 2006), the 
experiment was conducted from May to late August 2011 in order to cover one growing season. In 
the complete burial treatment, plants were covered with sand to 100% of shoot height, 
corresponding to a mean (± SE) height of 5.2 ± 0.3 cm above the shoot meristem, according to the 
convention of relating burial levels to the height of plants recently suggested for terrestrial plants 
(Dech & Maun 2006). Our previous observations have shown that this height was about two folds 
the maximum burial depth observed at the study site in the spring-summer period. The sand used 
for the burial treatment was taken near to the shoreline at the study location, and it was washed with 
natural seawater and sieved (through a 1 mm mesh) to remove extraneous material prior to the use. 
As we intended to mimic the effect of recurrent pulses of burial, plants were reburied to the original 
experimentally attributed level every week and no attempt was made to maintain the initial 
experimental sediment level by means of frames or containers. The height of the sand layer deposed 
on buried plants was measured weekly by pushing a ruler gently into the sediment to estimate 
variations (in percentage) of the original experimentally attributed burial height over the 
experimental period caused by sediment redistribution by currents.   
Sediment nutrient enrichment was created by inserting one stick (11 g m-2) of a commercially 
available slow- release fertilizer (COMPO, K+S Agricoltura Spa, g/g ratio N-P-K 13-6-9) into the 
sediments at 10 cm depth close to each plant. In the no nutrient added treatment (control), the 
mechanical effect of fertilizer insertion was simulated by punching the sand with plastic sticks of 
similar size. There were a total of 24 plants (three replicates of each of the four treatments). To 
maintain plants under enhanced nutrient conditions, a preliminary test was performed prior to the 
experiment to examine the decrease in nutrient concentration over time. To do this, additional 
fertilizer sticks were inserted into bare sediment plots (30 x 30 cm) randomly chosen within the 
study area (n = 6) and two samples of sediments were collected in each plot with core samplers 
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(0.02 m in diameter and 10 cm depth) in two separate dates, two days and six days after fertilizer 
addition, respectively. Three different plots were chosen on each date. Sediment samples were also 
collected from unfertilized plots (control). Sediment samples from each plot were homogenized, 
dried and analysed by standard colorimetric methods (Kjeldhal and Olsen procedures, Brenner 
1965; Olsen & Dean 1965) for elemental contents. Results of analysis showed that ambient 
sediment concentrations (means ± SE) of total nitrogen (N) and total phosphorus (P) were 0.13 ± 
0.01 mg g–1 dry sediment and 0.16 ± 0.006 mg g–1 dry sediment, respectively. Two days after 
fertilization, the concentration of both nutrients was significantly higher compared to unfertilized 
substrate (0.22 ± 0.001 mg g–1 dry sediment for N, t-test for independent samples, t = 5.29, P = 
0.004; 0.21 ± 0.007 mg g–1 dry sediment for P, t = 4.94, P = 0.03), while reached comparable levels 
six days after addition (0.18 ± 0.02 and 0.18 ± 0.01 mg g–1 dry sediment; t-tests for N and P, 
respectively: t = 3.04, P = 0.12 and  t = 1.14, P = 0.45). Therefore, the fertilization procedure was 
repeated weekly to ensure that N and P were in excess compared to the ambient concentrations. The 
total nutrient loading was about 5.6 g N m-2 mo -1 and 2.6 g P m-2 mo -1 t and comparable to that 
reported in eutrophic habitats  
At the end of the experiment, the survival percentage of plants was determined and plants 
carefully removed from the substrate and transported to the laboratory for measurements. 
Morphological characteristics that were expected to be affected by the investigated factors on the 
basis of available literature (number of shoots, length of internodes on vertical shoots, rhizome 
length, number and mean length of branches, maximum leaf and leaf sheath length, number of 
leaves per shoot, mean root length; Marbà & Duarte 1994, 1995; Cabaço et al. 2010) were 
recorded. The length of vertical internodes was calculated on the three younger internodes (i.e. 
nearer to the leaf meristem) of the highest shoot. Biomasses of separate plant parts (roots, rhizomes, 
shoots) were determined after drying plants to constant weight at 60 °C (dry weight, DW). To 
investigate plant response in terms of resource allocation, total biomass and root to shoot ratio were 
also calculated. Root to shoot ratio, which reflects the differential investment of photosynthates 
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between the above-ground and below-ground organs (Titlyanova et al, 1999), was calculated by 
dividing below-ground (root and rhizome) by above-ground (shoot) biomass (g g-1 DW).  
 
5.2.3 Data analysis 
 
Data on variations in height of sediment cover during the experiment were analyzed through 
repeated measure ANOVA to assess whether significant difference in sediment resuspension 
occurred between the two sites (between effects factor) and whether such differences varied with 
time. As the assumption of sphericity was violated (Mauchly’s test), F-tests were adjusted using the 
Greenhouse-Geisser estimate. Plant morphological and growth variables were analysed separately 
for the time period before the treatments were initiated to check for possible initial differences at 
whole plant level among the plants assigned to different treatments, and for the time period 
following the treatments. Initial data were analysed through random effects multivariate analyses of 
variance by permutation, PERMANOVA (McArdle & Anderson 2001). Final data were analysed 
using PERMANOVA according mixed model ANOVA designs that included orthogonal factors 
burial (two levels, fixed), nutrient supply (two levels, fixed) and site (two levels, random). Since 
significant effects were detected in PERMANOVA, separate ANOVAs were performed for all 
investigated variables according to the same models. Separate ANOVAs were also conducted on 
total plant biomass and root to shoot ratio. Prior to PERMANOVA, data were normalized and 
dissimilarities calculated as Euclidean distances. Significance levels were calculated from 9999 
permutations of the residuals under the reduced model. Whenever possible, post hoc pooling of 
mixed terms of the model was performed to increase analysis power (Underwood 1997). When a 
significant effect was found, post hoc pair-wise comparisons (PERMANOVA t statistic and 999 
permutations) were used to distinguish between means. For some terms, there were not enough 
permutable units to get a reasonable test by permutation, so a P-value was obtained using a Monte 
Carlo random sample from the asymptotic permutation distribution (Anderson et al. 2008). 
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Statistically significant terms were checked for differences in multivariate group dispersion with the 
permutational analysis of multivariate dispersions (PERMDISP, Anderson 2006); pair-wise 
comparisons of multivariate dispersion were also performed between all couples of groups. Prior to 
performing the ANOVAs, data were tested for normality and homoscedasticy, and transformed if 
necessary. Whenever data transformation failed to achieve homogeneity of variances, the analysis 
was performed on untransformed data with α = 0.01 (Underwood 1997). When significant effects 
were detected, means were compared through the Student-Newman-Keuls (SNK) test (Underwood 
1997). As for the multivariate analysis, post hoc pooling of mixed interaction terms was applied 
whenever possible.  
PERMANOVA and PERMDISP were run through PRIMER v6 (Primer-E Ltd., Plymouth; 
Clarke & Warwick 2001) with PERMANOVA add-on software (Anderson et al 2008), while 
statistical software R version 2.12.2 (R Development Core Team 2011) and R package “GAD” 
(Sandrini-Neto & Camargo 2011) and “car” (Fox & Weisberg 2011) were used for ANOVAs and 
repeated measures ANOVA, respectively. 
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5.3 Results 
 
Before the beginning of the experiment, young clones randomly assigned to the different 
treatments were homogeneous in size (Table 5.1). Clones had a mean of 5.9 (± 0.4) shoots and 1.5 
(± 0.4) branches, the rhizome was 12.6 (± 0.9) cm long, mean branch length was 0.8 (± 0.2) cm and 
mean number of leaves per shoot 2.3 (± 0.1).  
 
Table 5.1 PERMANOVA on Euclidean distances of main morphological variables (number of 
shoots, rhizome length, number of branches, mean branch length, maximum leaf length, number of 
leaves per shoot) of Cymodocea nodosa plants randomly assigned to different experimental 
treatments in the two sites. Each test was based on 9999 permutations of residuals under the 
reduced model.  
 
 
Source d.f. SS MS Pseudo-F P 
 
Site = S  1 4.51 4.51 0.76 0.58 
Treatment = T  3 23.62 7.87 1.32 0.29 
S x T  3 17.84 5.95 1.38 0.18 
Residual 16 69.04 4.39 
 
 
 
All plants survived to the end of the experiment. Analysis on whole plant growth showed a main 
effect of nutrient supply alone as well as a significant interaction between burial and site (Table 
5.2). Overall, differences between buried and unburied plants were only detected in one site 
(thereafter referred as site 1), and buried plants grown in the two sites were significantly different 
(Table 5.2). Multivariate differences between fertilized and unfertilized plants, however, could have 
been affected by differences in group dispersion (PERMDISP test for nutrient: F1, 22 = 6.64, P = 
0.03). On the contrary groups of plants subjected to different combinations of burial and site did not 
differ in multivariate dispersion (PERMDISP test for the interaction term burial x site: F3, 20 = 1.18, 
P = 0.523, therefore the effects reported above might be effectively ascribed to the investigated 
factors. 
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Table 5.2 PERMANOVA on Euclidean distances of a set of morphological and growth variables of 
Cymodocea nodosa plants subjected to different treatments. Results of a posteriori pair-wise 
comparison for the significant interaction term burial x site are also reported; levels of burial (NB = 
no burial, B = burial) and site (S1, S2 = site 1 or 2) are compared. t-test probabilities are 
uncorrected results generated by PERMANOVA on paired groups. Each test was based on 999 
permutations of residuals under the reduced model. Monte-Carlo probability values, P(MC), were 
chosen. a Denotes post-hoc pooling, P > 0.25; new F-values are given for those tested against the 
pooled term. Each test was based on 9999 permutations of residuals under the reduced model. 
 
 
Source d.f. SS MS Pseudo-F P 
 
Burial = B 1 32.27 32.27 1.33 0.410 
Nutrient = N 1 25.85 25.85 4.25 0.009 
Site = S 1 8.12 8.12 1.33 0.263 
B x N 1 25.89 25.89 2.58 0.221 
B x S 1 24.34 24.34 4.00 0.006 
N x S 1 5.59 5.59a 
B x N x S 1 10.03 10.03 1.65 0.168 
Residual 16 97.91 6.12a 
 
 
Burial x Site  Contrast t P 
 
 Site 1 NB, B 2.53 0.007 
 Site 2 NB, B 0.80 0.640 
 No burial S1, S2 1.44 0.164 
 Burial S1, S2 1.83 0.047 
 
 
The results of ANOVA for single variables showed that for five out of the 11 investigated 
morphological and growth characteristics, a main effect of nutrient supply was found. In plants 
grown under nutrient enriched conditions the number of shoots increased by six folds as compared 
to those maintained at ambient nutrient conditions, the number of branches by four folds, branch 
length doubled, and biomass of rhizomes and roots increased by three folds (Fig. 5.2A, B, G-J, S-V; 
Table 5.2). A significant interactive effect of nutrient supply and burial was detected for horizontal 
rhizome and vertical internode length (Table 5.3). Nutrient addition resulted in reduced growth of 
vertical and horizontal rhizomes, but only in buried clones (Fig. 5.2C-F). For six variables, a 
significant interaction between burial and site was detected. Number of shoots, number of leaves 
per shoot, maximum leaf length, leaf sheath length, shoot and rhizome biomass were significantly 
reduced in buried plants, but only in site 1. However, in site 2 the leaf sheath of buried plants was 
longer compared to unburied plants. Buried plants in site 2 also showed higher shoot and leaf 
production rates, and leaf elongation than those in site 1 (Fig. 5.2A, B, K-T; Table 5.4).  
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Figure 5.1 Morphological and growth variables for Cymodocea nodosa plants subjected to different treatments in each of the two study sites. N- = 
no nutrient added, N+ = nutrient addition; NB = no burial, B = complete burial. Bars are mean ± 1 SE. n = 3. 
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Table 5.3 Summary of results of separate ANOVAs for morphological and growth variables of Cymodocea nodosa plants subjected to experimental 
treatments in the field. a, Denotes post-hoc pooling, P > 0.25; new F-values are given for those tested against the pooled term. Results of SNK tests 
are also reported. NB = no burial, B = burial; N- = no nutrient added, N+ = nutrient added; S1, S2 = site 1 or 2. * = P < 0.05, ** = P < 0.01, *** = P 
< 0.001. § = variances were heterogeneous (Cochran’s C test, P < 0.05) and α = 0.01 was adopted 
 
 
  No. shoots Internode length (mm)  Rhizome length (cm) No. branches Branch length (cm) No. leaves 
 
Source df MS F MS F MS F MS F MS  F MS F 
 
Burial = B 1 39.02 2.62 0.01 0.32 4.00 2.59 6.91 1.7 4.47 1.21 4.36 0.86 
Nutrient = N 1 25.20 9.17** 0.01 0.31 2.77 5.13* 7.53 7.29* 6.03 5.14* 0.10 0.13 
Site = S 1 0.05 0.02 0.00 0.02 0.09 0.18 0.03 0.03 0.18 0.15 4.20 5.52* 
B x N 1 19.07 3.82 0.18 6.29* 2.40 4.44* 7.01 3.74 1.76 1.5 0.16 0.21 
B x S 1 14.88 5.41* 0.01a  1.54 2.85 4.07 3.94 3.69 3.14 5.07 6.66* 
N x S 1 0.99a  0.01a  0.22a  1.18a  0.17a  0.08a  
B x N x S 1 4.99 1.81 0.04a  0.75a  1.87 1.81 0.95a  0.13a  
Residual  16 2.86a  0.03a  0.8a  1.03a  1.25a  0.84a 
 
SNK S1: NB > B B: N- > N+ N+: NB > B S1: NB > B 
 N+: NB > B B: S2 > S1 
 
  
  § Leaf length (cm) Sheath length (cm) Shoots biomass (g DW)  Root biomass (g DW) Rhizome biomass (g DW) 
 
Source df MS F MS F MS F MS  F MS F 
 
Burial = B 1 48.78 1.57 0.24 0.05 52.63 2.45 0.08 5.25 0.65 0.22 
Nutrient = N 1 1.85 0.36 0.12 0.49 2.34 2.21 0.04 5.89* 5.28 9.62** 
Site = S 1 17.88 3.48 1.98 8.20 4.03 3.81 0.00 0.52 0.42 0.76 
B x N 1 6.03 1.17 0.14 0.58 4.24 4.00 0.04 1.45 3.72 6.77 
B x S 1 31.13 6.05* 4.49 18.54*** 21.51 20.3*** 0.01 1.90 2.93 5.33* 
N x S 1 0.24a 0.04a 1.11a 0.01a 0.01a  
B x N x S 1 0.78a  0.02a 0.10a  0.03 3.81 0.15a  
Residual  16 5.72a  0.27a 1.12a 0.01a 0.61a  
 
SNK S1: NB > B S1: NB > B  S1: NB > B S1: NB > B 
 B: S2 > S1 S2: B > NB NB: S1 > S2 
 B: S2 > S1 
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Total plant biomass was significantly affected by nutrient supply as well as by the interaction 
between burial and site (Fig 5.2A, B; Table 5.4). Fertilized plants produced about three times more 
biomass than unfertilized ones, and burial negatively affected plant growth only in site 1. Lastly, a 
significant interaction between site and burial was also detected for root to shoot ratio: higher root 
to shoot ratios were observed in buried plants growing in site 1 (Fig 5.3c, d; Table 5.5).  
 
 
 
Table 5.4 Summary of ANOVAs for total plant biomass and root to shoot ratio of Cymodocea 
nodosa plants subjected to different treatments in each of the two study sites. a, Denotes post-hoc 
pooling, P > 0.25; new F-values are given for those tested against the pooled term. Results of SNK 
tests are also reported. NB = no burial, B = burial; S1, S2 = site 1 or 2. * = P < 0.05, *** = P < 
0.001. 
 
 
  Total biomass (g DW) Root :to shoot ratio  
 
Source df MS F MS F 
 
Burial = B 1 6.71 2.04 21.76 2.73 
Nutrient = N 1 3.22 6.24* 0.07 0.17 
Site = S 1 0.00 0.00 4.15 10.13 
B x N 1 2.83 3.40 0.14 0.35 
B x S 1 3.29 6.39* 7.97 19.46*** 
N x S 1 0.09a 0.56a 
B x N x S 1 0.83 1.62 0.36a 
Residual  16 0.54a 0.40a 
  0.52  0.41 
 
SNK  S1: NB > B S1: B > NB;  
 B: S1 > S2  
 
Figure 5.2 Total biomass and root to 
shoot ratio for Cymodocea nodosa 
plants subjected to different 
treatments in each of the two study 
sites (site 1 and 2). N- = no nutrient 
added, N+ = nutrient addition; NB = 
no burial, B = complete burial. Bars 
are mean ± 1 SE. n = 3. 
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During the experiment, the mean relative loss of sediment cover was 20 (± 9.0) % in site 1 and 
29 (± 10.2) % in site 2 (Fig. 5.3). Sediment loss did not significantly differ between sites or between 
the different dates (Table 5.5).  
 
 
 
Figure 5.3 Variations (expressed as percentage) in imposed sediment cover at the two study sites 
(site 1 and 2) during the experimental period, from 7 June 2011 to 29 July 2011 (n = 3). 
 
Table 5.5 Results of repeated measures ANOVA conducted on the percentage loss of sediment 
cover of Cymodocea nodosa plants subjected to experimental burial in the two study sites. Since the 
assumption of sphericity was violated (Mauchly’s test, P < 0.05), significance levels for within-
subject effects were calculated using the Greenhouse–Geisser correction of the number of degrees 
of freedom; adjusted F-values are reported  
 
 
 Source df MS F 
 
Between effects 
 Site = S 1 4294 1.62 
 Residual 10 2653.3  
 
Within effects 
 Date = D 4 30744 0.46 
 S x D 4 24178 0.46 
 Residual 40 170327 
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5.4 Discussion 
 
Present results show that nutrient enrichment alone increases shoot formation and branching 
rates, root and rhizome production and total plant biomass of young Cymodocea nodosa plants, 
resulting in higher colonization rate compared to unfertilized plants. This finding is in agreement 
with results from previous studies which reported stimulatory growth responses to nutrients (Perez 
et al. 1991, 1994), and confirmed the high physiological tolerance of this species to high levels of 
nutrient inputs. These researches have also showed that high nutrient levels affected the biomass 
partitioning in adults plants, causing a shift in allocation towards above-ground plant organs which 
resulted in the production of taller shoots (Perez et al. 1991, 1994). A preferential allocation of 
biomass to shoots plants growing under high nutrient-availability was not observed in the present 
study. This kind of strategy could maintain high both root uptake and leaf surface area during the 
early phase of plant establishment so to maximize resource exploitation which is essential for fast-
growing species in nutrient-poor habitats (Nielsen & Pedersen 2000).  
All plants exposed for three months to pulses of burial, which imposed a burial cover of about 2-
8 cm, survived. In previous studies conducted on this species, a similar burial height has been 
shown to result in substantial shoot mortality (25-90%) in seedlings (Marbà & Duarte 1994; 
Terrados et al. 1997). Naturally occurring C. nodosa patches have been found capable to withstand 
higher levels of burials (ca. 20 cm) resulting from the migration of submerged dunes which, 
however, imposed a sediment accretion rate of 1-2 mm day-1, much lower than in the present study 
(Marbà et al. 1994; Marbà & Duarte 1995). A more recent study of lagoon populations subjected to 
anthropogenic disturbance evidenced high shoot mortality and reduced plant biomass following a 
single massive sediment relocation event (Cabaço et al. 2010). However, in these studies moderate 
burial levels (up to 4 cm) have been show to stimulate the growth in surviving shoots (Marbà & 
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Duarte 1994), resulting in increased vertical growth rate, leaf turnover rate, vertical rhizome 
internode length and leaf sheath length (Marbà & Duarte 1994, 1995; Marbà et al. 1994; Terrados et 
al. 1997; Cabaço et al. 2008, 2010). In contrast, in the present study typical compensatory 
responses, such as elongation of vertical or horizontal rhizome internodes, was not detected. In 
addition, the response of plants to burial was dependent on nutrient availability and site (non 
additive effect). Sediment deposition had adverse effects on plant growth, resulting in higher shoot 
mortality, decreased production of photosynthesizing surface, and decreased biomass of shoots and 
rhizomes than compared to unburied plants, but only in one site (site 1). Interestingly, the observed 
pattern of variation in sediment height due to re-suspension over the study period was quite 
different between the two sites and possibly relevant to plants, although not statistically significant. 
Indeed, the proportion of sediment removed in site 1 tended to be lower than in site 2 and new 
sediment was added by water flow at the end of the experimental period. Since the performance of 
buried plants in site 1 was also reduced compared to site 2, it is possible that in this site plants had 
experienced higher level of stresses due to longer periods of exposure to burial or higher burial 
depths. However, we cannot excluded that local differences in sediment characteristics (grain size, 
oxygen availability and bacterial and macrofaunal activity) might have played a role. 
Contrary to expectations, increased nutrient levels resulted in decreased internode elongation in 
buried plants compared to unburied ones. This finding suggests that excess of nutrients exacerbated 
the adverse micro-environmental conditions driven by burial (Eldridge et al. 2004; Borum et al. 
2005). Other possible explanations include stimulation of bacterial activity and eventually oxygen 
depletion in nutrient enriched sediments (López et al. 1998) and mobilization of plant stored 
carbohydrate reserves under attenuated light conditions (Delgrado et al. 1999; Invers et al. 2004), 
which could have negatively affected the meristematic activity (Terrados et al. 1999) and 
compromised the capacity of plants to emerge from sand.  
In conclusion, the present study indicates that nutrient enrichment and burial may affect the 
performance of young C. nodosa clones, and the simultaneous occurrence of these factors gives  
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rise to interactive effects that cannot predicted by knowing their individual effects. This emphasizes 
the need to assess combined effects of multiple environmental variables through robust 
experimental designs that incorporate different spatial and temporal scales on seagrass performance, 
in order to develop accurate predictions of the possible ecological consequences of global change 
on seagrass meadows structure and functioning. Increased nutrient availability in sediments could 
positively affect plant growth and enable young C. nodosa clones to rapidly expand and colonize 
new areas. On the other hand, recurrent burial events could adversely affect plant growth, and this 
effect could be exacerbated by a simultaneous sediment nutrient enrichment, compromising the 
ability of young plants to recover from burial. These findings indicate that the under global change 
scenarios the co-occurrence of recurrent storm events, even of moderate severity, and 
eutrophication could potentially result in the death of newly established patches of C. nodosa. Since 
the recovery of seedlings and clonal fragments is of great relevance for C. nodosa long-term 
meadow dynamics, simultaneous effects of the two factors could severely restrict expansion of 
meadows. The consequences of the possible interactive effects of such factors are expected to be 
greater for Zostera noltii Hornemann, a small fast-growing species that often co-occurs with C. 
nodosa (Buia & Mazzocchi 1995, Moore & Short 2006), because of its higher vulnerability to low 
burial levels (50-100 %, Cabaço & Santos 2007). A better understanding of how seagrass species 
will respond to the cumulative effects of abiotic stress factors is fundamental to develop more 
effective restoration actions and conservation approaches in order to mitigate the effects of 
incoming global change.  
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Chapter 6 
 
Global change and coastal dune plants: response to the combined effects of increased sand 
accretion and nutrient levels 
 
6.1 Introduction 
 
Coastal sand dunes, along with the numerous valuable goods and services they provide 
(Martínez et al. 2004; Everard et al. 2010; Gutiérrez et al. 2010), are threatened worldwide by both 
anthropogenic activities and climate change (Salman & Strating 1992; Brown & Mc Lachlan 2002; 
van der Meulen et al. 2004; Feagin et al. 2005; Maun & Fahselt 2009). Physical and chemical 
changes associated with global change will potentially affect dune ecosystem structure and 
functioning in the coming centuries (Feagin et al. 2005; Tsoar 2005; Maun & Fahselt 2009;  
Greaver & Sternberg 2010; Gornish & Miller 2010; Phoenix et al. 2012). Dune plants play a 
fundamental role in determining the form, function and stability of dune systems (van der Maarel 
1993). Therefore, understanding and anticipating the response of individual plant species to abiotic 
changes is crucial and it is also essential for developing more effective management and 
conservation strategies. This is particularly challenging as in nature dune plants are subjected to 
multiple environmental stresses simultaneously (Maun 1998, 2004, 2009; Griffiths 2006; Hesp & 
Martinez 2007; Gormally & Donovan 2010). Although numerous studies have addressed dune plant 
adaptation to environmental stresses (Zhang 1996; Houle 1997; Griffiths 2006; Gilbert et al. 2008; 
Plassmann  et al. 2009; Gormally & Donovan 2010), little is still known about how plants integrate 
the signals associated with co-occurring stresses and adjust their growth accordingly. Climate-
induced changes are expected to enhance the magnitude and frequency of existing natural and 
anthropogenic stress factors to levels that could exceed plant tolerance, and some changes could 
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also interact in their effects making it complex to predict the net effect on vegetation (Sala et al. 
2000). For example, alteration of global nutrient cycles due to the use of fertilizers and atmospheric 
input will increase the availability of nutrients, particularly nitrogen (N) and phosphorus (P) 
(Phoenix et al. 2006; Gruber & Galloway 2008; Bowman et al. 2009). Coastal sand dunes are 
nutrient poor habitats and plant productivity has been found to be limited by both N and P, thus 
dune plants are particularly at risk from nutrient enrichment (Kooijman et al. 1998; Maun 2009). 
Studies have shown that increased nutrient inputs would favour the growth of some species but 
make others more vulnerable to disturbances and stresses (Kooijman et al. 1998; Jones et al. 2004; 
van den Berg et al. 2005; Remke et al. 2009; Plassmann et al. 2009). On the other hand, changes in 
atmospheric circulation will increase the frequency of extreme wind events, leading to more 
frequent episodes of sand accretion in some areas (Easterling et al. 2000; Harley et al. 2006; 
Provoost et al. 2011). Burial by wind-deposited sand is one of the major physical stresses that can 
alter dune community composition, distribution and abundance (Maun 1998, 2004, 2009; Wilson & 
Sykes 1999). There is large variation in the degree of adaptation to burial among dune species. 
Substantial variation also occurs within a species in function of life history stage, season and burial 
severity, in terms of depth relative to the height of plants (Maun 1998, 2004, 2009) and frequency. 
Many plant species are able to emerge from low or moderate levels of burial (less than 50% of plant 
height) by elongating shoots (positive growth response), but only few species (i.e., Ammophila spp.) 
are able to withstand deeper burial (Maun 1998, 2004, 2009; Gilbert & Ripley 2010). Other species 
are unaffected (neutral growth response) or inhibited (negative growth response) by burial (Maun 
1998, 2004, 2009; Wilson & Sykes 1999; Gilbert & Ripley 2010). However, recurrent frequent 
shallow burial events can be more damaging than a single event of greater magnitude (Owen et al. 
2004), and juveniles may be especially sensitive to such events (Maun et al. 1996). Therefore, 
species intolerant to recurrent shallow burial events are expected to be prevented from occupying 
mobile dunes and spatially replaced by more tolerant species under climate scenarios. However, 
there is still no general consensus on the physiological mechanisms behind burial growth response 
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(Gilbert & Ripley 2010). Potential mechanisms include shifts in resource (such as biomass and 
nutrients) allocation from below-ground to above-ground components, remobilization of stored 
resources, changes in photosynthetic rate or other attributes, and reduction of the dry mass cost of 
producing new leaves and elongating stems (Maun 1998, 2004, 2009; Gilbert & Ripley 2008). More 
recent studies have shown that the ability of mobile dune species to respond to burial may largely 
depend on the availability of nutrients (Zhang 1996; Gilbert et al. 2008). The possible interaction 
between nutrient availability and burial implies that the net effect on a given plant species may be 
larger than, or smaller, than the expected individual effects. To our knowledge, very few studies 
were designed to test in the field the potential non-independent effects of more than one factor on 
coastal sand dune vegetation in relation to global change (Plassmann et al. 2009).  
To investigate how mobile dune plants will respond to potential changes in both nutrient input 
and sand mobility, a manipulative experiment in which clones of Sporobolus virginicus Kunth, a 
pioneer grass species (Clayton et al. 1974; Naidoo & Naidoo 1992), were exposed to the individual 
and combined effects of increased repeated burial levels and fertilization, was conducted on a 
Mediterranean dune system. As P limitation is relevant in sand dune soils, and N and P are likely to 
have synergic effects on plant growth in coastal habitats (Kooijman et al. 1998; Plassmann et al. 
2009), N and P were applied simultaneously. Experimentally increased burial heights were 
expected to negatively affect plant survival and growth. However, nutrient enrichment would 
enhance plant growth and thus alleviate burial stress (i.e., significant interactions occurs among 
nutrient availability and burial). Sporobolus virginicus was chosen as model because of its 
worldwide distribution and fundamental role in stabilizing mobile dune substrates (Naidoo & 
Naidoo 1992; Markum & Murdoch 1992; Balestri et al. 2012). The burial tolerance limit of this 
species has yet been not investigated. Individuals are composed of ramets interconnected by 
underground rhizomes that can spread across discrete areas of mobile dunes often forming 
monospecific populations. Because seeds are rare (Leithead et al. 1971) and defining individual 
clones is difficult, the experiment was conducted on plants regenerated in a nursery from vegetative 
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fragments collected from a natural population and transplanted individually into the field prior to 
the experiment to remove the effect of different clone size or age. This material was representative 
of plants established in nature from clonal fragments generated during autumn-winter storms. 
Understanding the ability of such plants to withstand incoming environmental changes is critical 
because of their major role in expanding populations and recovery after disturbance (Maun 1984; 
Harris & Davy 1986). Since in the field a number of factors, such as topographic features, edaphic 
conditions and resource distribution can vary at the scale of microhabitat (Troelstra et al. 1990; 
Stallins & Parker 2003; Maun & Fahselt 2009), the effects of the experimental factors were tested 
across different spatial scales, from tens to hundreds of meters, along the dune system. To our 
knowledge, no previous field studies have explicitly assessed whether the response of a species to 
abiotic factors was consistent in space along its distribution zone (horizontally) within a dune 
system.  
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6.2 Materials and Methods 
 
6.2.1 Material preparation 
 
The study was conducted on the coastline of Rosignano Solvay in the north-western Italy 
(43°22'43.10"N, 10°26'15.77"E; see Chapter 2 for detailed description of the study system). S. 
virginicus is abundant on the upper beach and first mobile dune ridge where it forms large 
monospecific patches parallel to the shoreline.  
Prior to the experiment, clones of S. virginicus were produced by vegetative propagation (via 
rhizome cuttings) in a nursery located near to the study site. Rhizomes were collected in October 
2009 at the edge of established patches of S. virginicus at the study site and cut into two-nodes 
fragments, ca. 8 cm in length. Fragments were rooted into pots (30 cm depth and 10 cm diameter) 
containing a 1:1 (v/v) mixture of beach sand and potting compost and maintained outdoor. In April 
2010, rooted plants were extracted from sediment for morphological measurements (rhizome 
length, number of shoots, number of branches and maximum shoot height). Similar-sized plants (96 
plants) were then selected and transported to the study system. Two areas, separated by hundreds of 
meters were randomly chosen along the dune system and within each area two sites, ten of meters 
apart, placed on the first dune ridge were selected at random. The sites (2 - 3 m wide dune stretches) 
had an elevation of 1.2-1.5 m from the 0 m water level, and their distance from the shoreline was 
ca. 80 m. Plants (24 plants) were individually planted in random positions on zones of bare 
substrate within a natural S. virginicus population within each site. Plants were separated from each 
other by at least 0.5 m to avoid possible contamination between treatments. Three plants, died soon 
after planting, were substituted with plants maintained in the nursery as reserve. The study dune 
tract was fenced in attempt to prevent anthropogenic interference. 
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6.2.2 Experimental design  
 
After acclimation (late May 2010) to local environmental conditions, plants growing in each site 
were randomly assigned to one of six treatments: moderate sand burial resulting in the cover of 
50% of shoot height (partial burial, PB/N-), high sand burial resulting in 100% cover of shoot 
height (complete burial, CB/N-), no sand burial and nutrient enrichment (NB/N+), partial sand 
burial and nutrient enrichment (PB/N+), complete sand burial and nutrient enrichment (CB/N+), no 
sand burial and no nutrient enrichment (ambient conditions, NB/N-). Before the start of the 
experiment, rhizome length, number of shoots, number of branches and maximum shoot height of 
plants were measured to test whether the plants assigned to different treatments did not differ 
significantly from each other in morphology and size. A preliminary study has shown that the mean 
annual net sand accretion recorded at the study site corresponded to a burial of 50% of shoot height 
(about 5 cm; personal observation). Woody frames (30 x 30 cm in size) were placed around each 
plant and filled with sand to maintain the assigned burial level. To reduce leaching, nutrient 
availability was enhanced by adding a single dose of a commercially available fertilizer (COMPO, 
K+S Agricoltura Spa, g/g ratio N-P-K 13-6-9) formulated for a 3-month complete element release. 
Treatment N is equal to a dose of 14 kg N ha-1, and treatment P to 6.6 Kg P ha-1. The N dose is 
equivalent to the deposition estimates (15-20 kg N ha-1 year-1) predicted for the 2050 in the 
Mediterranean basin (Galloway et al. 2004; Phoenix et al. 2006). In addition, two treatments, in 
which empty frames were placed around plants were used to control for possible artifact effect: 
artifact control and no nutrient enrichment (AC/N-) and artefact and nutrient enrichment (AC/N+). 
There were three replicates for each treatment.  
Plants were monitored at weekly intervals until the end of the experiment (August 2010). At 
each census, plants were carefully inspected for herbivore damage because of its potential influence 
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on plant growth (Bach 1998), and the height of newly produced shoot tissue was measured. As the 
experiment was trying to simulate recurrent burial summer events, plants were reburied weekly to 
the experimental originally attributed burial level. The sand used for burial treatments during the 
course of the experiment was collected to a depth of maximum 10 cm closely to the treated plants; 
it was sieved to remove propagules and extraneous material prior to the use.  
The net sand accretion rate at the study dune system over the study period was estimated by 
monitoring changes in the level of sand deposition relative to erosion pins (24 pins) randomly 
placed along a transect parallel to the shoreline. The height of pins was weekly measured with an 
accuracy of 1-2 mm. 
At the end of the experiment, the number of plants that had recovered from burial was recorded. 
The root system of surviving plants was gently excavated to remove plants from the substrate. 
Plants were transported to the laboratory where morphological characteristics that were expected to 
be affected by the investigated factors on the basis of available literature (horizontal rhizome length, 
number of vertical shoots, maximum shoot height, number of branches, number and length of 
vertical internodes measured on the highest shoot, and the number of reproductive shoots per plant) 
(Zhang 1996; Maun 1998, 2004, 2009; Gilbert et al. 2008; Gilbert & Ripley 2008) were recorded. 
Plants were then separated into shoots, roots and rhizomes and dried at 60 °C until they reached 
constant weight (dry weight, DW) to determine the respective biomasses. In addition, to investigate 
plant response in terms of resource allocation and efficiency of production, root to shoot ratio and 
specific shoot height (SSH) were calculated. Root to shoot ratio, which reflects the differential 
investment of photosynthates between the above-ground and below-ground organs (Titlyanova et 
al. 1999), was calculated by dividing root by shoot biomass (g g-1 DW). Specific shoot height, 
which is considered an indicator of the dry mass cost of producing shoots (Gilbert & Ripley 2008), 
was calculated as the ratio between total shoot height and shoot dry weight (cm g-1 DW).  
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6.2.3 Data analysis  
 
Data on morphological and growth variables were analysed separately for the time period before 
the treatments were initiated (May 2010) and for the time period following the treatments (August 
2010). Initial data were analysed throughout multivariate analysis of variance by permutation, 
PERMANOVA (McArdle & Anderson 2001), according to a randomized ANOVA design that 
included the orthogonal factors area (two levels, random) and treatment assignation (eight levels, 
random), and the factor site (two levels, random) nested within area and orthogonal to treatment 
assignation. Final data were analysed using PERMANOVA according to mixed model ANOVA 
design that included the orthogonal factors area (two levels, random), burial (four levels, fixed) and 
nutrient (two levels, fixed), and the factor site (two levels, random) nested within area and 
orthogonal to burial and nutrient. Because of the loss of two plants in one area, unbalanced 
PERMANOVA with type III sums of squares was performed (Anderson et al. 2008). Since 
significant effects were detected in PERMANOVA, separate ANOVAs were performed for all 
investigated variables according to the same model. Separate ANOVAs were also conducted on 
total plant biomass, root to shoot ratio and specific shoot height. Missing replicates were substituted 
with the mean of that particular combination of treatments and two degrees of freedom were 
subtracted from the total degrees of freedom of the residual mean square (Snedecor & Cochran 
1980).  
Prior to PERMANOVA, data were normalized and dissimilarities calculated as Euclidean 
distances. Significance levels were calculated from 9999 permutations of the residuals under the 
reduced model. Whenever possible, post hoc pooling of mixed terms of the model was performed to 
increase analysis power (Underwood 1997). When a significant effect was found, post hoc pair-
wise comparisons (PERMANOVA t statistic and 999 permutations) were used to distinguish 
between means. For some terms, there were not enough permutable units to get a reasonable test by 
permutation, so P-values were obtained using a Monte Carlo random sample from the asymptotic 
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permutation distribution (Anderson et al. 2008). Statistically significant terms were checked for 
differences in multivariate group dispersion with the permutational analysis of multivariate 
dispersions (PERMDISP) (Anderson 2006); pair-wise comparisons of multivariate dispersion were 
also performed between all couples of groups. Prior to performing ANOVAs, data were tested for 
normality and homoscedasticy, and transformed if necessary. Whenever data transformation failed 
to achieve homogeneity of variances, the analysis was performed on untransformed data with α = 
0.01 (Underwood 1997). When significant effects were detected, means were compared through the 
Student-Newman-Keuls (SNK) test (Underwood 1997). As for the multivariate analysis, post hoc 
pooling of mixed interaction term was applied whenever possible.  
PERMANOVA and PERMDISP were run through PRIMER v6 (Primer-E Ltd., Plymouth) 
(Clarke & Gorley 2006) with PERMANOVA add-on software, while statistical software R version 
2.12.2 (R Development Core Team 2011) and R package “GAD” (Sandrini-Neto & Camargo 2011) 
were used for ANOVAs. 
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6.3 Results 
 
Before applying the treatments, the size of plants randomly assigned to different treatments was 
similar (Table 6.1). Plants had on average 1.5 (± 0.1 SE) shoots and 2.7 (± 0.1) branches; shoot 
height was on average 10 (± 0.2) cm and the horizontal rhizome was 8.7 (± 0.2) cm long.  
Two of the 96 transplanted individuals disappeared during the study period because of unknown 
factors. At the end the experiment, survived plants had produced at least one new shoot each. No 
inflorescences were observed during the study period and no sign of herbivore damage was detected 
in plants. All plants exposed to increased burial were emerged above the sand surface. The mean 
height of sand deposed on plants exposed to partial burial over the course of the experiment was 8 
cm (± 0.4) while the height of sand deposed on plants exposed to complete burial was 19.2 cm (± 
1.6). These values were higher compared to the sand deposition level experienced by plants grown 
at ambient conditions over the study period along the dune system (Fig. 6.1). No traces of fertilizer 
were detected in the soil at plant harvesting, indicating that the release of nutrients was complete in 
the experimental period.      
 
Table 6.1 PERMANOVA on Euclidean distances of main morphological variables (number of 
shoots, rhizome length, number of branches and maximum shoot height) of plants randomly 
assigned to different experimental treatments in two sites in each of two areas along the study dune 
system. a Denotes post-hoc pooling, P > 0.25; new F-values are given for those tested against the 
pooled term. Each test was based on 9999 permutations of residuals under the reduced model.  
 
 
Source d.f. SS MS Pseudo-F P 
 
Area = A 1 4.98 4.99 2.66 0.123 
Treatment = T 7 29.70 4.24 1.05 0.387 
Site(A) = S(A) 2 3.75 1.87 0.47 0.871 
A x T 7 23.11 3.30a  
S(A) x T 14 57.57 4.12a  
Residual 64 260.9 4.08a  
Poolinga 85 341.57 4.02  
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Figure 6.1 Ambient burial levels in the study area. Net changes in sand accumulation levels (cm) 
relative to erosion pins (n = 24) placed along a transect parallel to the coastline at the study dune 
system are reported. Data were recorded weekly from 13 April to 29 August 2010. Bars represent ± 
SE. 
 
A significant interaction between nutrient availability and burial on whole plant response was 
detected (Table 6.2). Overall, plants grown under nutrient enhanced conditions differed from those 
grown under nutrient ambient conditions, and partially buried plants differed from completely 
buried plants but only when grown under nutrient enhanced conditions (Table 6.2). No difference in 
multivariate dispersion among significantly differing groups was detected (pair-wise PERMDISP 
test: unfertilized vs. fertilized for unburied plants, t = 0.99, P = 0.361; fertilized and completely 
buried vs. fertilized and partially buried plants, t = 1.08, P = 0.373), indicating that the effects 
reported above were effectively due to investigated factors, and not to a different multivariate 
dispersion among groups. A significant interaction between nutrient supply and area was also 
detected (fertilized plants differed from unfertilized ones only in one of the two areas, Table 6.2), 
but this could be due to different multivariate dispersion of the groups (PERMDISP test for 
unfertilized vs. fertilized plants in area 1, t = 3.46, P = 0.006) rather than to the investigated factors.  
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Table 6.2 PERMANOVA on Euclidean distances of a set of nine morphological variables of plants 
subjected to different treatments according to a combination of burial and nutrient in two sites in 
each of two areas at the study dune system.  a Denotes post-hoc pooling, P > 0.25; new F-values are 
given for those tested against the pooled term. Each test was based on 9999 permutations of 
residuals under the reduced model. Results of a posteriori pair-wise comparisons for the significant 
interaction terms, burial x nutrient and area x nutrient, are also reported. Levels of nutrient (N- = no 
nutrient added, N+ = nutrient added) and burial (NB = no burial, AC= artifact control, PB = partial 
burial, CB = complete burial), and nutrient and area (A1, A2 = area 1 or 2) are compared. t-test 
probabilities are uncorrected results generated by PERMANOVA on paired groups. Each test was 
based on 9999 permutations of residuals under the reduced model. Monte-Carlo probability values, 
P(MC), were chosen 
  
 
Source d.f. SS MS Pseudo-F P 
 
 
Area = A 1 5.12 5.12 0.51 0.756 
Burial = B 3 59.06 19.69 2.13 0.083 
Nutrient = N 1 60.26 60.26 2.15 0.208 
Site(Area) = S(A) 2 19.98 9.99 1.32 0.211 
A x B 3 27.74 9.25 1.22 0.249 
A x N 1 28.01 28.01 3.69 0.005 
B x N 3 40.34 13.45 1.77 0.041 
B x S(A) 6 37 6.17a   
N x S(A) 2 14.9 7.47a   
A x B x N 3 16.92 5.64a   
B x N x S(A) 6 39.95 6.65a   
Residual 64 505.67 7.90a   
 
 
Burial x Nutrient Contrast t P(MC) 
 
 No Burial N-, N+ 5.49 0.002 
 Artefact control N-, N+ 1.69 0.463 
 Partial burial N-, N+ 1.23 0.352 
 Complete burial N-, N+ 0.59 0.813 
 No nutrient added NB, AC 0.70 0.738 
 NB, PB 2.12 0.083 
 NB, CB 2.38 0.097 
 AC, PB 1.33 0.306 
 AC, CB 2.47 0.068 
 PB, CB 1.83 0.162 
 Nutrient added NB, AC 0.88 0.596 
 NB, PB 0.94 0.544 
 NB, CB 1.65 0.176 
 AC, PB 1.18 0.362 
 AC, CB 1.85 0.127 
 PB, CB 2.36 0.036 
 
Area x Nutrient Contrast t P(MC) 
 
 Area 1 N-, N+ 2.56 0.047 
 Area 2 N-, N+ 2.01 0.079 
 No nutrient added A1, A2 1.67 0.086 
 Nutrient added A1, A2 1.03 0.427 
120 
 
The results from separate ANOVAs showed that for three out of the nine investigated 
morphological and growth characteristics, the effect of burial and nutrient availability was additive 
(i.e., no significant interaction between burial and nutrients occurred). Burial alone significantly 
affected shoot height and shoot internodes length (Table 6.3). Plants grown under completely buried 
conditions had on average taller shoots (ca. 35-40%) than those grown under ambient burial 
conditions, while those grown under partially buried conditions had an intermediate height (Fig. 
6.2A-D). Shoot internodes of completely buried plants were significantly longer (about. 20%) than 
those of partially buried plants that in turn were about 15-20% longer than those at ambient burial 
conditions (Fig. 6.2E-H; Table 6.3).  
 
 
Figure 6.2 Morphological variables of Sporobolus virginicus clones subjected to different 
experimental treatments. Mean (± 1 SE) maximum shoot length (a, b, c, d), shoot internode length 
(e, f, g, h) and number of shoot internodes (i, j, k, l) values for plants in each of the two sites and 
areas are reported. N- = no nutrient added, N+ = nutrient addition; NB = no burial, AC = artifact 
control, PB = partial burial, CB = complete burial. n = 3.  
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Instead, nutrient availability alone significantly affected rhizome length (Table 6.3). The 
rhizome of plants grown under enhanced nutrient conditions was about 30% longer compared to 
that of plants grown under ambient nutrient conditions (Fig. 6.3E-H). The effect of burial and 
nutrient availability was non-additive (significant interaction occurred) for rhizome biomass. 
Nutrient addition resulted in a threefold increase in rhizome biomass only under ambient burial 
conditions (Fig. 6.4E-H; Table 6.3).  
 
 
Figure 6.3 Morphological variables of Sporobolus virginicus clones subjected to different 
experimental treatments. Mean (± 1 SE) number of shoots (a, b, c, d), rhizome length (e, f, g, h) and 
number of branches (i, j, k, l) values for plants in each of the two sites and areas are reported. N- = 
no nutrient added, N+ = nutrient addition; NB = no burial, AC = artifact control, PB = partial burial, 
CB = complete burial. n = 3. 
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For two variables, shoot biomass and number of branches, a significant interaction between 
nutrient supply and area was detected. Both shoot biomass and number of branches increased under 
enhanced nutrient conditions, but only in one of the two areas (area 1; Figs 6.3I-L and 6.4A-D; 
Table 6.3). For this latter variable, a significant effect of site was also observed (Fig. 6.4A-D; Table 
6.3). Finally, for the remaining three variables, number of vertical internodes, number of shoots and 
root biomass, no significant effect of the investigated factors, alone or in combination, was 
observed (Figs 6.2I-L, 6.3A-D and 6.4I-L; Table 6.3). 
 
 
Figure 6.4 Biomasses of main plant parts of Sporobolus virginicus clones subjected to different 
experimental treatments. Mean (± 1 SE) biomass of shoots (a, b, c, d), rhizome (e, f, g, h) and roots 
(i, j, k, l) values for plants in each of the two sites and areas are reported. N- = no nutrient added, 
N+ = nutrient addition; NB = no burial, AC = artifact control, PB = partial burial, CB = complete 
burial. n = 3. 
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Table 6.3 Summary of results of separate ANOVA analyses for plant morphological and growth 
variables. a, b, c Denote post-hoc pooling, P > 0.25; new F-values are given for those tested against 
the pooled term. Results of SNK tests are also reported. NB = no burial, AC = artifact control, CB = 
complete burial, PB = partial burial. A1, A2 = area 1 or 2, S1, S2 = site 1 or 2, N- = no nutrient 
added, N+ = nutrient added. * = P < 0.05, ** = P < 0.01. § = variances were heterogeneous 
(Cochran’s C test, P < 0.05) and α = 0.01 was adopted 
 
 Shoot height (cm) Shoot internode length (cm) No. shoot internodes 
Source d.f. MS F MS F MS F 
 
Area = A 1 0.60 0.45 0.13 0.25 1.15 0.25 
Burial = B 3 2.99 4.50** 1.16 4.24** 9.21 2.03 
Nutrient = N 1 1.40 0.70 0.87 1.12 0.02 0.00 
Site(A) = S(A) 2 1.32 2.31 0.52 1.90 4.60 0.66 
A x B 3 0.30a  0.02a  4.54b 
A x N 1 2.01 3.53 0.77 2.82 0.00a 
N x B 3 0.42 0.75 0.26 0.95 16.05 2.31 
B x S(A) 6 0.32a  0.29a  10.26b 1.53 
N x S(A) 2 0.21a  0.17a  5.35a 
A x N x B 3 0.36a  0.1a  2.87a 
N x B x S(A) 6 0.18a  0.07a  6.8b 
Residual 62 0.67a  0.32a  7.33a 
 
SNK  CB > PB = NB = AC CB > PB > NB = AC   
 
 No. shoots Rhizome length (cm) No. branches 
Source d.f. MS F MS F MS F 
 
Area = A 1 1.15 1.04 0.02 0.36 0.18 0.20 
Burial = B 3 0.80 0.18 2.06 2.34 0.38 1.20 
Nutrient = N 1 32.09 1.97 8.14 9.24** 2.01 2.10 
Site(A) = S(A) 2 1.11 0.46 0.07 0.08 0.89 6** 
A x B 3 4.36 1.94 0.73a 0.32 2.13 
A x N 1 16.25 3.58 0.91a  0.96 6.41* 
N x B 3 2.79 1.25 2.02 2.29 0.18 0.88 
B x S(A) 6 0.91a  0.92a  0.13a 
N x S(A) 2 4.54 2.03 0.56a  0.05a 
A x N x B 3 2.21a  1.09a  0.01b 
N x B x S(A) 6 1.68a  0.49a  0.3b 
Residual 62 2.43a  0.92a  0.15a 
 
SNK  A2: S1 > S2; A1: N+ > N- 
 
 Shoot biomass (g DW) Rhizome biomass (g DW) § Root biomass (g DW) 
Source d.f. MS F MS F MS F 
 
Area = A 1 0.03 0.37 0.00 1.00 0.02 1.90 
Burial = B 3 0.13 0.81 0.07 3.00* 0.01 1.24 
Nutrient = N 1 1.04 1.42 0.15 6.88* 0.05 0.89 
Site(A) = S(A) 2 0.09 1.45 0.00 0.08 0.01 1.92 
A x B 3 0.16 2.62 0.02a  0.01 1.85 
A x N 1 0.73 11.56** 0.01a  0.02c 
N x B 3 0.12 1.82 0.07 3.29* 0.01 1.43 
B x S(A) 6 0.04a  0.01a  0.00a 
N x S(A) 2 0.04a  0.00a  0.02c 
A x N x B 3 0.09a  0.01a  0.01b 
N x B x S(A) 6 0.07a  0.02a  0.1b 
Residual 62 0.07a  0.02a  0.00a 
 
SNK A1: N+ > N- NB & AC: N+ > N-  
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Figure 6.5 Total biomass, shoot production cost and allocation of Sporobolus virginicus clones 
subjected to different treatments. Mean (± 1 SE) total biomass (a, b, c, d), specific shoot height, 
SSH (e, f, g, h), and root to shoot ratio (i, j, k, l) values for plants in each of the two sites and areas 
are reported. N- = no nutrient added, N+ = nutrient addition; NB = no burial, AC = artifact control, 
PB = partial burial, CB = complete burial. n = 3. 
 
Total plant biomass was significantly affected by the interaction between burial and nutrient 
availability (Table 6.4). When grown under enhanced nutrient conditions, the biomass of plants 
increased significantly as compared to that of plants grown under ambient nutrient conditions, 
except when plants were completely buried. Under enhanced nutrient conditions, the total biomass 
of completely buried plants was about half of that of plants partially buried or grown at ambient 
burial conditions (Fig. 6.5A-D). Significant interactions between area and burial, and between area 
and nutrient supply, were also detected (Table 6.4). The biomass produced by plants grown at 
ambient burial conditions was greater than that of plants subjected to partial burial, and the biomass 
of these latter was in turn greater than that of plants grown under complete burial but only in one of 
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the two areas (area 2). Significant differences in the biomass of plants grown at ambient burial 
conditions between areas were also found. In both the areas, the biomass of fertilized plants was 
greater than that of unfertilized ones. The biomass of unfertilized plants was higher in the area 2 
than in area 1, while the opposite pattern was found for fertilized plants (Fig. 6.5A-D). Specific 
shoot height was significantly influenced by burial alone, and increased with the increase of the 
severity of burial, from 99.23 (± 14.01) cm g-1 DW at ambient conditions to 198.6 (± 22.62) cm g-1 
DW under completely buried conditions, (Fig. 6.5E-H; Table 6.4). Finally, the root to shoot ratio 
was much less than 1 (ranging from 0.22 ± 0.003 4 to 0.28 ± 0.00 g g-1 DW at the four sites) 
indicating that a substantial larger portion of biomass was concentrated above-ground (Fig. 6.5I-L). 
No significant differences were detected for this variable among treatments, indicating that 
individuals did not change their biomass allocation pattern in response to any of the investigated 
factors (Table 6.4).  
 
Table 6.4 Summary of results of ANOVA analyses for total biomass, specific shoot height (SSH) 
and root to shoot ratio. a Denotes post-hoc pooling, P > 0.25; new F-values are given for those 
tested against the pooled term. Results of SNK tests are also reported. NB = no burial, AC = artifact 
control, CB = complete burial, PB = partial burial. A1, A2 = area 1 or 2, S1, S2 = site 1 or 2, N- = 
no nutrient added, N+ = nutrient added. * = P < 0.05, ** = P < 0.01, *** = P < 0.001 
 
Total biomass (g DW) SSH (cm g-1 DW) Root to shoot ratio 
Source d.f. MS F MS F MS F 
 
Area = A 1 0.02 0.14 9936 10.01 0.05 2.63 
Burial = B 3 0.39 0.71 49224 9.66*** 0.12 2.44 
Nutrient = N 1 2.82 3.08 2692 0.53 0.00 0.04 
Site(A) = S(A) 2 0.18 1.34 993 0.17 0.02 0.35 
A x B 3 0.55 4.16** 5058a  0.01a 
A x N 1 0.92 6.92* 9523a  0.11a 
N x B 3 0.48 3.62** 4553 0.89 0.01 0.23 
B x S(A) 6 0.03a  2244a  0.01a 
N x S(A) 2 0.11a  8647 1.70 0.06a 
A x N x B 3 0.12a  115a  0.06a 
N x B x S(A) 6 0.14a  3287a  0.05a 
Residual 62 0.14a  5717a  0.05a 
 
SNK A2: NB = AC > PB > CB; CB > PB > NB = AC 
 NB: A2 > A1; 
 N-: A2 > A1; N+: A1 > A2;  
 A1 & A2: N+ > N-     
 N+: NB = AC = PB > CB;  
 NB & AC & PB, N+> N- 
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6.4 Discussion 
 
Results showed that S. virginicus clones were able to recover from increased sand accretion 
levels equal to about four times the mean maximum burial depth naturally experienced by plants 
during the study period by elongating internodes in vertical shoots. This response was independent 
on nutrient availability, indicating that this species possesses an inherent ability to respond to burial 
that is consistent with its role of primary colonizer of dune areas of high sand movement (Clayton et 
al. 1974). Contrasting results emerged from previous studies on the mechanisms underlying 
compensatory shoot growth in response to burial in dune plants (Zhang 1996; Gilbert et al. 2008; 
Gilbert & Ripley 2008, 2010). A number of studies reported evidence of shifts in resources from 
below-to above ground plant parts (Maun et al. 1996; Brown 1997), while other studies failed to 
detect it (Sykes & Wilson 1990) or indicated that shifts were only possible at low or moderate 
burial levels (up to 66% of plant height; Gilbert & Ripley 2010). In the current study, stimulation of 
shoot elongation by burial might not be attributed to an increased biomass investment in the above-
ground structures, as the root to shoot ratio was unaffected by burial. Instead, the increased specific 
shoot height indicates that the resources required for emerging from sand might be obtained by 
reducing shoot production costs (i.e., more shoot length was produced with the same amount of 
biomass) and remobilizing resources from buried tissue. Such response is adaptive, as it minimises 
nutrient use but maximises shoot growth, enabling the species to survive on mobile substrate under 
nutrient-limited conditions. Previously, only one study has detected a similar response on dune 
plants (Gilbert & Ripley 2008), to our knowledge.  
Nutrient addition alone resulted in increased rhizome production, indicating that clonal 
expansion was nutrient limited under ambient conditions. Similarly to burial, increased nutrient 
availability did not induce shifts in biomass allocation from below- to above-ground components. 
This is not in agreement to that observed in most dune species (van den Berg et al. 2005; Valverde 
et al. 1997, Wilson & Sykes 1999). Thus, S. virginicus can be considered as “form-conservative”, 
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i.e., the form and the allocation of biomass of a plant of given size is the same irrespective of the 
nutrient microenvironment (Müller et al. 2000).  
The effects of nutrient enrichment and increased burial on total biomass were non-independent, 
indicating that plant productivity might not be predicted from the expected individual effects of 
each factor. Total biomass increased in response to nutrient enrichment at a similar rate in plants 
grown under partially buried conditions and at ambient conditions, but it was unaffected under 
completely burial conditions. The lack of significant plant response was possibly due to reduced 
availability of nutrients and uptake efficiency in plants caused by burial-driven physical or chemical 
modifications in the micro-environment or activity of anaerobic microorganisms (Maun 1998; 
Kooijman et al. 1998).  
Finally, the variability in the response of S. virginicus to nutrient availability and burial 
observed at small spatial scales (hundreds of metres) along the study dune system for some growth 
and architecture variables indicates that local factors, such as topography and soil characteristics 
(Troelstra et al. 1990; Stallins & Parker 2003; Maun & Fahselt 2009), might have interacted with 
the manipulated factors. The majority of previous experimental studies on dune plant response to 
abiotic factors ignored the possible interactive effects of environmental factors, which may vary not 
only across (transversally) but also along the shore (horizontally) on a dune system, making  it 
difficult to generalize results.  
In conclusion, the present study suggests that increased nutrient availability and burial severity 
may interact in their effects on dune plant performance. Thus, their combined effects may be not 
predicted by knowing the individual effects. As the amount of N added to the substrate was within 
the range of the annual deposition estimates predicted for the 2050 in the Mediterranean basin 
(Galloway et al. 2004; Phoenix et al. 2006), increasing nutrient availability could alleviate nutrient 
stress in newly regenerated clones of S. virginicus enabling them to produce longer rhizomes and to 
exploit a larger number of nutrient-rich patches or pulses on mobile dunes. However, the benefits of 
increasing nutrient input could be offset by burial events in areas with sand accretion levels equal or 
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exceeding plant height. In such conditions, depletion of reserves and the production of thinner 
shoots could enhance plant vulnerability to abiotic stresses. In the long-term, the combined effects 
of increased nutrient input and burial may alter the species distribution. Previous studies have 
demonstrated that nutrient inputs from atmospheric deposition favour the growth of graminoids and 
nitrophilous species, resulting in perturbation of competitive hierarchy among dune plant species 
with consequent loss of diversity and conservation habitat value (Kooijman et al. 1998; Jones et al. 
2004; van den Berg et al. 2005; Plassmann et al. 2009). Further studies should use robust 
experimental designs for examining the possible interactive effect of multiple factors on different 
species that could outcompete S. virginicus on mobile dunes in order to improve prediction of the 
possible ecological consequences of global change on dune structure and functioning. A better 
understanding of how dune plants will respond, across and within dune systems, to the cumulative 
effects of abiotic change is fundamental to determine more effective restoration actions and 
conservation approaches in order to mitigate the effects of incoming global change.  
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Chapter 7 
 
Interactive effects of clonal integration and sand burial on Cymodocea nodosa 
 
7.1 Introduction 
 
Seagrass populations mainly rely on horizontal elongation of runners, i.e. plagiotropic 
rhizomes centrifugally extending at the edges of established patches, to recover from disturbance 
and expand vegetatively into adjacent areas (Tomlinson 1974; Duarte & Sand-Jensen 1990; 
Marbà & Duarte 1998; Hemminga & Duarte 2000). Runner elongation depends on the activity of 
the apical meristem (Tomlinson 1974) which requires a continuous supply of resources to 
support the production and growth of new ramets (Tomlinson 1974; Duarte & Sand-Jesen 1996; 
Terrados et al. 1997a). There is evidence that in some species these resources are provided by 
physiologically interconnected older parts of the clone through clonal integration (Tomasko & 
Dawes 1989; Terrados et al. 1997a, b; Hemminga & Duarte 2000; Schwarzschild & Zieman 
2008a, b). Clonal integration is also likely to play an important role in supporting the 
development of young ramets that are generally not mature enough to autonomously acquire 
resources, to an extent that is species-specific (Libes & Boudouresque 1987; Tomasko & Dawes 
1989; Terrados et al. 1997a, b; Marbà et al. 2002; Schwarzschild & Zieman 2008a, b). However, 
little is known on the role of clonal integration in mediating the response of seagrasses to abiotic 
stresses (Tomasko & Dawes 1989; Ooi et al. 2011).    
Many species grow in habitats where resources (nutrients and light availability) are patchily 
distributed (Larkum et al. 2006). In such habitats, ramets experiencing favourable conditions can 
support the growth of interconnected ramets locally experiencing less favourable conditions 
(Tomasko & Dawes 1989, Tomasko et al. 1991; Rey & Stephens 1996; Marbà et al. 2002; 
Balestri et al. 2010), similarly to what observed in terrestrial clonal plants (see Jónsdóttir & 
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Watson 1997 for review). However, injuries due to natural disturbances by strong currents, 
waves and foraging animals, and anthropogenic activities may damage rhizomes, resulting in the 
formation of clonal fragments (Sargent et al. 1995; Fonseca et al. 1998; Hemminga & Duarte 
2000; Lefebvre et al. 2000; Kenworthy et al. 2002; Cabaço et al. 2005). Runners, which 
typically grow at the edge of patches, often on unconsolidated substrates, are particularly 
vulnerable to physical disturbances (Duarte et al. 2006) and are also exposed to other abiotic 
stresses which may synergistically interact with the interruption of clonal integration (Duarte 
2002). One of the major stresses that can be potentially experienced by rhizomes is burial by 
sediments (Duarte 2002). Field and laboratory studies have shown that most seagrass species are 
scarcely tolerant to sudden burial events and show high mortality rates even at low burial depths 
(2-4 cm; Marbà et al. 1994; Marbà & Duarte 1995: Cabaço et al. 2008). Excessive burial is 
likely to be a major cause of seagrass loss worldwide (Cabaço et al. 2008). A recent study 
showed that clonal integration has an important role in moderating the burial response of tropical 
seagrasses (Ooi et al. 2011). Nevertheless, knowledge on the ability of clonal fragments to 
survive to burial and grow is still needed. 
This information is critical in the face of global change, as the impact of anthropogenic 
activities that may result in physical fragmentation of seagrass patches and/or enhanced burial 
severity, such as coastal works, propeller dredging, commercial fishing, beach stabilization and 
excess siltation (Sargent et al. 1995; Burdick & Short 1999; Kenworthy et al. 2002; Cabaço et 
al. 2005) is increasing at an unprecedented rate in coastal waters (Terrados et al. 1998, Duarte 
2002; Ruiz & Romero 2003; Schlacher et al. 2007). Moreover, predictions suggest that global 
change will increase the frequency and intensity of extreme meteorological events such as 
storms and hurricanes, (Easterling, 2000; Harley et al. 2006; Gornish & Miller 2010), potentially 
enhancing the severity of sediment burial and the frequency of physical disturbances. Therefore, 
understanding and anticipating the response of seagrass species to the combined effects of loss of 
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clonal integration and burial is crucial in order to forecast incoming changes and develop 
effective seagrass management and conservation strategies.  
To address this need, a factorial field experiment was conducted to explore the individual and 
interactive effects of clonal integration and repeated sediment burial on the performance of 
runners of a pioneer seagrass species, Cymodocea nodosa (Ucria) Ascherson. To account for 
small-scale spatial heterogeneity, the experiment was replicated in two different sites, tens of 
square meters wide and separated by a hundred of meters, in a shallow Mediterranean meadow. 
Previous studies demonstrated that the rhizome growth of C. nodosa largely depends on 
resources translocated from older physiologically connected ramets (over 11 ramets or 50 cm of 
distance; Terrados 1997a, b). The study hypothesis was that clonal integration would mediate the 
burial response of this species, by improving the performance of runners subjected to complete 
burial. Conversely, burial and loss of clonal integration would synergistically affect runners 
reducing their growth potential, i.e. the combined effect of the two factors would be stronger 
than what could be predicted by knowing their individual effects.  
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7.2 Materials and Methods 
 
7.2.1 Experimental design  
 
At the beginning of June 2011 two sites, tens of square meters wide and separated by hundreds 
of meters, were randomly chosen at the study location (see Chapter 2 for locality description). 
Preliminary observation showed that the sites were similar in depth, topography, wind exposition 
and C. nodosa cover. In each site, runners still connected to the mother clone and showing no sign 
of branching, were selected. To prevent treatment contamination, runners were at least 1 m apart 
from each other. The youngest part of runners to be used in the experiment was marked with 
painted plastic cable tie label placed around the rhizome at a distance of 10 cm from the apex. This 
distance was chosen in order to represent the average size of runners observed in the study area 
(personal observation). For each runner portion, the number of shoots, the maximum leaf length and 
the number of leaves per shoot were recorded.  
Runners were then haphazardly assigned to different treatments that were arranged according to 
a factorial combination of clonal integration (two levels, integration present and integration 
severed) and burial (two levels, no burial and complete burial), replicated in the two different sites 
(n = 3, for a total of 24 runners). We then manipulated clonal integration either by severing 
connections among daughter and mother ramets in runners behind the tag with a sharp blade 
inserted in the substrate or leaving connection intact. Runners assigned to burial treatments were 
covered with sediment up to 100% of their height. The sediment used for burial treatments during 
the course of the experiment was collected in the study location and sieved to remove seeds and 
extraneous material prior to the use. As the experiment was trying to simulate recurrent burial 
events, runners were weekly reburied to the original burial level. Runners were monitored at weekly 
intervals until the end of the experiment and at each census the height of newly produced shoot 
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tissue was measured. The height of the sediment layer was also weekly measured both before and 
after reburying runners. 
At the end of the experiment (5 August 2011), runners were carefully harvested and transported 
to the laboratory. A set of morphological characteristics that on the basis of available literature were 
expected to respond to the investigated factors (horizontal rhizome length, number of shoots and 
branches, mean branch length, rhizome diameter, shoot internode length, maximum leaf and leaf 
sheath length, number of leaves per shoot; Marbà & Duarte 1994, 1995; Terrados 1997a, b; Cabaço 
et al. 2010) were recorded. Runners were then separated into shoots, roots and rhizomes and dried 
at 60 °C until they reached constant weight (dry weight, DW) to determine the respective 
biomasses. In addition, to investigate plant response in terms of resource allocation and efficiency 
of production, root to shoot ratio, specific rhizome length and specific root length were calculated. 
Root to shoot ratio, which reflects the differential investment of photosynthates between the above-
ground and below-ground organs (Titlyanova et al. 1999), was calculated by dividing root by shoot 
biomass (g g-1 DW). Specific lengths, which are considered an indicator of the dry mass cost of 
tissue producing (Ryser 1998; Gilbert & Ripley 2008), were calculated as the ratio between total 
length and dry weight of roots and rhizomes (cm g-1 DW). Relative loss of burial cover was 
calculated for each monitoring date as the weekly change in sediment height, divided by previous 
sediment height, and expressed as percentage. 
 
7.2.2 Data analysis 
 
At the beginning of the experiment, main morphological variables (number of shoots, maximum 
leaf length and number of leaves per shoot) were analysed throughout multivariate analysis of 
variance by permutation, PERMANOVA (Mc Ardle & Anderson 2001), to assess if runners 
randomly assigned to different experimental treatments were homogeneous in size. The 
experimental design included orthogonal factor site (two levels, random) and assigned treatment 
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combination (four levels, random). Relative loss in burial cover was analyzed through repeated 
measures ANOVA to assess if differences in sediment resuspension occurred between the two sites 
(between effects factor) and if such differences varied with time.  
Final data on morphological and growth variables (horizontal rhizome length, number of shoots 
and branches, mean branch length, rhizome diameter, shoot internode length, maximum leaf and 
leaf sheath length, number of leaves per shoot and biomass of shoots, rhizomes and roots) were 
analyzed through PERMANOVA according to a mixed model design that included the orthogonal 
factors site (two levels, random), clonal integration (two levels, fixed) and burial (two levels, fixed). 
Since PERMANOVA on final data evidenced significant effects of the study factors, separate 
analyses of variance (ANOVAs) were performed for all investigated variables according to the 
same model. Separate ANOVAs were also conducted on total plant biomass, root to shoot ratio and 
specific rhizome and root lengths.  
Prior to PERMANOVA, data were normalized and dissimilarities calculated as Euclidean 
distances. Significance levels were calculated from 9999 permutations of the residuals under the 
reduced model. Whenever possible, post hoc pooling of mixed terms of the model was performed to 
increase analysis power (Underwood 1997; Anderson et al. 2008). When a significant effect was 
found, post hoc pair-wise comparisons (PERMANOVA t statistic and 999 permutations) were used 
to distinguish between means. For some terms, there were not enough permutable units to get a 
reasonable test by permutation, so P-values were obtained using a Monte Carlo random sample 
from the asymptotic permutation distribution (Anderson et al. 2008). Statistically significant terms 
were checked for differences in multivariate group dispersion with the permutational analysis of 
multivariate dispersions (PERMDISP; Anderson 2006); pair-wise comparisons of multivariate 
dispersion were also performed between all couples of groups. For repeated measures ANOVA the 
assumption of sphericity was tested with Mauchly’s test. Prior to performing ANOVAs, data were 
tested for normality and homoscedasticy, and transformed if necessary. Whenever data 
transformation failed to achieve homogeneity of variances, the analysis was performed on 
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untransformed data with α = 0.01 (Underwood 1997). When significant effects were detected, 
means were compared through the Student-Newman-Keuls (SNK) test (Underwood 1997). As for 
the multivariate analysis, post hoc pooling of mixed interaction term was applied whenever 
possible.   
PERMANOVA and PERMDISP were run through PRIMER v6 (Primer-E Ltd., Plymouth) 
(Clarke & Gorley 2006) with PERMANOVA add-on software, while statistical software R version 
2.12.2 (R Development Core Team 2011) and R packages “GAD” (Sandrini-Neto & Camargo 
2011) and “car” (Fox & Weisberg 2011) were used for ANOVAs and repeated measures ANOVA, 
respectively. 
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7.3 Results  
 
At the beginning of the experiment, runners randomly assigned to the different treatments were 
homogeneous in terms of morphology and size (Table 7.1). On average, runners had 5.83 (± 0.49 
SE) shoots and 2.95 (± 0.13) leaves per shoots, and leaves reached a maximum length of 6.42 (± 
0.27) cm. 
 
Table 7.1 PERMANOVA on Euclidean distances of Cymodocea nodosa runners randomly 
assigned to different treatments at the beginning of the experiment in the two sites. Variables of 
interest were number of shoots, maximum leaf length and number of leaves per shoot.  a Denotes 
post-hoc pooling, P > 0.25; new F-values are given for those tested against the pooled term. Each 
test was based on 9999 permutations of residuals under the reduced model 
 
 
Source d.f. SS MS Pseudo-F P 
 
 
Site = S 1 1.57 1.57 0.48 0.707 
Treatment = T 3 5.28 1.76 0.54 0.847 
S x T 3 11.34 3.78a   
Residual 16 50.81 3.18a   
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All runners survived until the end (100% survival) and during the experimental period produced 
at least a new shoot or branch. On average, the height of sediment cover imposed on plants was 
3.05 (± 0.17) cm. During the experimental period, the mean weekly loss of sediment cover was 
similar in the two sites and widely fluctuated between dates, ranging from a maximum of -66 (± 
8.8) % in the second week of July, to a minimum of -11 (± 6.42) % at the end of July (Figure 7.1; 
Table 7.2). On average, 29.12 (± 3.2) % of the imposed sediment cover was weekly lost.  
 
Table 7.2 Results of repeated measures ANOVA conducted on the relative loss of burial cover of 
Cymodocea nodosa plants subjected to experimental burial in the two study sites. *** = P < 0.01 
 
 
 Source d.f. MS F 
 
Between effects 
 Site = S 1 589 0.754 
 Residual 10 7812.9  
 
Within effects 
 Date = D 5 25217 8.644*** 
 S x D 5 1376 0.472 
 Residual 50 29171.5 
 
 
 
 
Figure 7.1 Percentage loss of imposed sediment cover, weekly measured in the two study sites 
during the experimental period, from 28 June 2011 to 5 August 2011 (n=3). Data are mean ± 1 ES. 
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A significant interaction between clonal integration and burial on whole plant growth was 
detected. Overall, buried and unburied runners significantly differed only when clonal integration 
was lost (Tables 7.3 and 7.4). Since no differences in multivariate dispersion were detected between 
the groups (PERMDISP test for clonal integration x burial interaction term, F3, 20 = 4.38, P = 0.07), 
observed effect may be ascribed to the investigated factors rather than to heterogeneity in 
multivariate dispersion.   
 
Table 7.3 PERMANOVA on Euclidean distances of Cymodocea nodosa runners, subjected to 
different experimental treatments according to a combination of clonal integration and burial in the 
two sites. Variables of interest were number of shoots, rhizome length and diameter, number of 
branches, mean branch length, shoot internode length, maximum leaf and leaf sheath length, 
number of leaves per shoot, and biomass of shoots, rhizome and roots.  a Denotes post-hoc pooling, 
P > 0.25; new F-values are given for those tested against the pooled term. Each test was based on 
9999 permutations of residuals under the reduced model.  
 
 
 
Source d.f.  SS MS Pseudo-F P 
 
 
Site = S 1 6.68 6.68 0.70 0.669 
Integration = I 1 5.85 5.85 0.61 0.750 
Burial = B 1 14.13 14.13 1.47 0.167 
S x I 1 8.76 8.76a   
S x B 1 5.02 5.02a   
I x B 1 21.34 21.34 2.23 0.045 
S x I x B 1 14.45 14.45a   
Residual 16 153.77 9.61a   
  230    
 
Table 7.4 Result of a posteriori pair-wise comparisons for the significant integration x burial 
interaction term, evidenced in PERMANOVA (Table 7.3). Levels of integration (Int+ = integration 
present, Int- = integration removal) and burial (NB = no burial, B = complete burial) are compared. 
t-test probabilities are uncorrected results generated by PERMANOVA on paired groups. Each test 
was based on 9999 permutations of residuals under the reduced model.  
 
 
Integration x Burial Contrast t P 
 
 Integration present NB, B 1.06 0.337 
 Integration severed NB, B 1.70 0.026 
 No burial Int+, Int- 1.12 0.245 
 Burial Int+, Int- 1.28 0.121 
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The results from separate ANOVAs detected a main effect of burial on two out of the twelve 
investigated morphological and growth variables, number of branches and leaf sheath length (Table 
7.5). Regardless of the presence of clonal integration, buried runners produced 2.5 times as many 
branches as unburied ones, and their leaf sheath was ca. 40% longer (Fig. 7.2G, H and 7.3C, D; 
Table 7.5). A significant interaction between clonal integration and burial was evidenced for two 
variables, mean branch length and rhizome diameter (Table 7.5). Branches were ca. 5 times longer 
in unburied as compared to buried runners, but only when clonal integration had been maintained 
(Fig. 7.2I, J; Table 7.5). The rhizome of buried runners was ca. 30% thicker that that of unburied 
ones, but only when they were severed. On the other hand, in unburied conditions, the rhizome 
diameter was higher in runners that were still connected to the mother clone. A significant 
interaction between clonal integration and site was also detected for this variable. Connected 
runners had a rhizome ca. 15% thicker than isolated fragments, but only in the first site. Moreover, 
rhizome diameter was higher for runners in the first than in the second site (Fig. 7.2E, F; Table 7.5). 
Finally, for maximum leaf length a three-way interaction between integration, burial and site was 
evidenced. In one site (thereafter referred as site 2), unburied runners in which integration was 
maintained produced longer leaves than those in which integration was interrupted, while connected 
runners had longer leaves when unburied than when subjected to burial. Moreover, unburied and 
connected runners had longer leaves in site 2 (Fig. 7.3A, B; Table 7.5). For the remaining seven 
variables (number of shoots, rhizome length, shoot internode length, number of leaves per shoot, 
and biomass of roots, shoots and rhizomes) no significant effect of the investigated factors, alone or 
in combination, was observed (Figs 7.2 and 7.3; Table 7.5). 
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Figure 7.2 Morphological and growth variables of Cymodocea nodosa runners subjected to 
different treatments according to a factorial combination of clonal integration and burial replicated 
in two different sites: a, b) number of shoots; c, d) rhizome length; e, f) rhizome diameter; g, h) 
number of branches; i, j) mean branch length; k, l) shoot internode length. NB = no burial, B = 
burial; Int + = clonal integration present, Int - = clonal integration severed. Data are mean ± 1 ES. n 
= 3. 
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Figure 7.3 Morphological and growth variables of Cymodocea nodosa runners subjected to 
different treatments according to a factorial combination of clonal integration and burial replicated 
in two different sites: a, b) maximum leaf length; c, d) maximum leaf sheath length; e, f) number of 
leaves per shoot, and biomass of g, h) shoots, i, j) rhizomes and k, l) roots. NB = no burial, B = 
burial; Int + = clonal integration present, Int - = clonal integration severed. Data are mean ± 1 ES. n 
= 3. 
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Table 7.5 Results of ANOVA for morphological and growth variables of Cymodocea nodosa 
runners. a Denotes post-hoc pooling, P > 0.25; new F-values are given for those tested against 
the pooled term. Results of SNK tests are also reported. S1, S2 = Site 1 or 2; Int+ = Integration 
present, Int- = Integration severed; NB = no burial, B = burial. *=P < 0.05, ** = P < 0.01.  
 
 
 No. Shoots Rhizome length (cm) Rhizome diameter (cm) 
 
 d.f. MS F MS F MS F 
 
Site = S 1 7.042 0.367 5.230 0.107 0.002 3.185 
Integration = I 1 1.042 0.054 6.000 0.077 < 0.001 0.104 
Burial = B 1 15.042 0.785 73.500 1.503 < 0.001 0.850 
S x I 1 22.04a  78.480 1.605 0.004 8.61** 
S x B 1 5.04a  0.483a  0.001a  
I x B 1 0.375 0.004 42.130 0.247 0.003 5.57* 
S x I x B 1 84.375 4.401 170.670 3.490 0.001a  
Residual 18 19.88a  830.87a  < 0.001a  
 
SNK Int-: S2 > S1  
 S1: Int+ > Int-  
 Int-: B>NB  
 NB: Int+>Int-  
        
 
 No. Branches Mean branch length (cm) Shoot internode length (mm) 
 
 d.f. MS F MS F MS F 
 
Site = S 1 1.042 0.435 0.023 0.038 0.001 0.227 
Integration = I 1 2.042 0.853 0.203 0.341 0.005 1.997 
Burial = B 1 12.042 5.03* 0.316 0.533 0.003 1.229 
S x I 1 3.38a  0.002a  0.002a  
S x B 1 0.38a  0.018a  0.003a  
I x B 1 18.375 1.960 2.652 4.47* 0.007 2.740 
S x I x B 1 9.375 3.917 0.01a  < 0.001a  
Residual 18 2.46a  0.703a  0.003a  
        
SNK Int+: NB > B  
 NB: Int+ > Int- 
        
 
 Max leaf length (cm) Leaf sheat length (cm) No. Leaves per shoot 
  
 d.f. MS F MS F MS F 
 
Site = S 1 0.092 3.413 0.050 0.405 0.019 0.063 
Integration = I 1 < 0.001 0.001 0.514 4.153 0.030 0.099 
Burial = B 1 < 0.001 0.005 1.150 9.28** 0.100 0.334 
S x I 1 0.01a  < 0.002a  0.03a  
S x B 1 0.052 1.939 0.15a  < 0.001a  
I x B 1 0.019 0.105 0.306 2.467 0.829 2.754 
S x I x B 1 0.184 6.87* < 0.002a  0.23a  
Residual 18 0.03a  0.14a  0.34a  
        
SNK Int+, NB: S2 > S1 
 S2, Int+: NB > B 
 S2, NB: Int+  > Int- 
 
 
 Shoot biomass (g DW) Rhizome biomass (g DW) Root biomass (g DW)  
 
 d.f. MS F MS F MS F 
 
Site = S 1 0.026 3.640 0.001 0.136 < 0.001 0.007 
Integration = I 1 < 0.001 0.002 < 0.001 0.002 0.007 0.268 
Burial = B 1 < 0.001 < 0.001 0.009 1.410 < 0.001 0.014 
S x I 1 0.022 3.157 0.008a  < 0.001a  
S x B 1 0.002a  0.010a  0.002a  
I x B 1 0.008 0.541 0.013 1.977 0.002 0.074 
S x I x B 1 0.015 2.151 0.001a  0.002a  
Residual 18 0.007a  0.007a  0.029a  
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Total plant biomass was not affected by any of the investigated factors, but biomass allocation 
significantly differed between the two sites, as root to shoot ratio was two times higher for runners 
growing in the first site (Fig 7.4A-D, Table 7.6). Non-additive effects of the three investigated 
factors were evidenced for specific rhizome length. The biomass cost of rhizome production 
differed between the two sites only in connected and unburied runners (Fig. 7.4E, F; Table 7.5). 
Finally, specific root length was not affected by any of the investigated factors (Fig. 7.4E, F; Table 
7.6). 
 
 
 
 
Figure 7.4 Production, allocation and dry mass cost of Cymodocea nodosa runners subjected to 
different treatments according to a factorial combination of clonal integration and burial. a, b) total 
biomass; c, d) root to shoot ratio; e, f) specific rhizome length and g, h) specific root height. NB = 
no burial, B = burial; Int + = clonal integration present, Int - = clonal integration severed. Data are 
mean ± 1 ES. n = 3  
 
149 
 
 
 
Table 7.6 Results of ANOVA for production, biomass allocation and dry mass production cost 
variables of Cymodocea nodosa runners subjected to different experimental treatments. a Denotes 
post-hoc pooling, P > 0.25; new F-values are given for those tested against the pooled term. Results 
of SNK tests are also reported. S1, S2 = Site 1 or 2; Int+ = Integration present, Int- = Integration 
severed; NB = no burial, B = burial. * = P < 0.05.  
 
 
 
  Total biomass (g DW) Root to shoots ratio  
 
 d.f. MS F MS F 
 
Site = S 1 0.04 1.17 5.44 7.82* 
Integration = I 1 0.001 0.02 0.94 0.51 
Burial = B 1 0.01 0.32 0.20 0.29 
S x I 1 0.05 1.66 1.85 2.66 
S x B 1 0.03a  0.08a  
I x B 1 0.05 1.46 0.10 0.14 
S x I x B 1 0.01a  1.91a  
Residual 18 0.03a  0.66a  
      
 
 
 Specific rhizome length Specific root length  
 (m g-1 DW)  (m g-1 DW)  
 
 d.f. MS F MS F 
 
Site = S 1 0.00 0.04 0.01 7.82 
Integration = I 1 0.07 0.78 1.19 0.51 
Burial = B 1 0.02 0.22 0.69 0.29 
S x I 1 0.04a  24.85 2.66 
S x B 1 0.09a  0.47a  
I x B 1 0.05 0.09 2.18 0.14 
S x I x B 1 0.52 6.14* 13.28a  
Residual 18 0.09a  6.49a  
      
  Int+, NB: S2 > S1    
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7.4 Discussion 
 
The results show that clonal integration positively affected the growth of Cymodocea nodosa 
runners, promoting the elongation of branches and leaves. This finding is in accord with results 
of a previous study, which showed that the apical growth of C. nodosa, in terms of biomass and 
leaves production, largely depends on resources translocated from older ramets, situated further 
than 50 cm from the rhizome apex (Terrados et al. 1997b). Even thought their growth was 
reduced, all runners were able to survive when unconnected to the rest of the clone. This 
indicates that the potential for regeneration, disturbance recovery and space colonization of 
detached C. nodosa runners may be high. Growth of unconnected runners probably relied on 
stored reserves, as suggested by the reduction in the rhizome diameter observed in isolated 
runners.  
All C. nodosa runners survived to complete burial corresponding to an average depth of ca. 2-
3 cm, even when they were not physiologically supported by older parts of the clone. Our data 
on the performance of buried C. nodosa runners agree only in part with results of previous 
studies, both manipulative and correlative, performed on this species. A laboratory study on the 
response of C. nodosa seedlings subjected to increasing levels of burial (from 0 to 16 cm) for a 
35-days time-span reported about 25% of shoot mortality at a burial level of 2 cm, that is close to 
the height of the burial cover in our study, and 60% shoot mortality at 4 cm of sediment cover 
(Marbà & Duarte 1994). However, sediment accretion was found to enhance the vertical growth 
(elongation of rhizome internodes and leaf sheaths) of surviving shoots, while burial levels 
exceeding the 4-cm threshold had detrimental effects on plant performance (Marbà & Duarte 
1994). Field studies performed, respectively, in a patchy meadow subjected to gradual sand 
accretion within a submerged dune system (Marbà et al. 1994; Marbà & Duarte 1995) and in a 
lagoon meadow subjected to anthropogenic sediment accretion (Cabaço et al. 2010), detected a 
similar response in mature C. nodosa rhizomes. Comparable results have been evidenced for 
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other fast-growing seagrass species as well (see Cabaço et al. 2008). Increased vertical shoot and 
leaf sheath length may represent a strategy to relocate the shoot meristem closer to the surface 
and reduce the proportion of photosynthetic tissue that remains buried (Terrados 1997). 
Evidence of an escape response consisting in enhanced horizontal rhizome elongation (longer 
horizontal internodes) has also been reported in C. nodosa following burial disturbance (Cabaço 
et al. 2010) and this has been interpreted as a main strategy adopted by small fast-growing 
seagrass species to survive to burial (Cabaço et al. 2008). In the present study, overtly 
detrimental effects of burial, such as shoot mortality and decreased total biomass, were not 
observed. Burial stimulated leaf sheath elongation and promote lateral branching. Horizontal 
spreading could enhance the probability of young clones to encounter more favourable growth 
conditions. These results suggest that C. nodosa runners may have an inherently high capability 
to respond to frequent moderate burial events. 
Overall, the results did not find evidence for a significant role of clonal integration in 
mediating in response of C. nodosa runners to burial. Interestingly, burial seemed to offset the 
stimulatory growth effect exerted by clonal integration (non additive effect). When plants were 
buried, clonal integration was ineffective in sustaining branch elongation, and at least in one of 
the sites, elongation of leaves. Moreover, burial seemed to prevent remobilization of resources 
stored in the rhizomes but only in isolated runners, as indicated by the thicker rhizome produced 
by buried unconnected runners as compared to unburied ones. To what extent this response may 
alter runner performance in the long term needs to be investigated.  
Previous studies suggest that mechanisms such as shifting biomass allocation between above- 
and below-ground part plants, or decreasing cost of dry mass production of plant parts, may play 
an important role in seagrass response to abiotic stress factors and loss of clonal integration. In 
particular, it had been evidenced that C. nodosa runners may be able to reduce the cost of 
rhizome biomass production when their physiological connection with older parts of the clone is 
severed (Terrados et al. 1997b). However, no experimental evidence for the occurrence of such 
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mechanisms in C. nodosa in response to burial, clonal integration and combination of the two 
factors was found in the present study.  
Moreover, the variability in the response of C. nodosa to clonal integration and burial observed 
at small spatial scales (between the two sites, hundreds of metres apart) for some morphological 
characteristics (rhizome diameter, maximum leaf length, root to shoot ratio, specific rhizome 
length) indicates that local factors, such as hydrodynamism and substrate characteristics (Marbà et 
al. 2002), might have interacted with the manipulated factors. The majority of previous 
experimental studies on seagrass response to abiotic factors ignored the possible interactive effects 
of local environmental factors. Further studies should therefore evaluate the response of seagrases 
to abiotic stresses at multiple spatial scales inn order to generalize results about their importance in 
affecting plant colonization. 
In conclusion, the present study suggests that both burial and clonal integration may affect the 
performance of C. nodosa runners, and that the combined effects the two factors may not predicted 
by knowing the individual effects. On the basis of these findings, an increased frequency of 
disturbance events could result in the formation of runner fragments with reduced branch elongation 
ability as compared to connected ones. However, reduced lateral expansion of isolated runners 
could be compensated by increased branching frequency in the older parts of the clone as result of 
removal of apical dominance (Terrados et al. 1997b). To what extent such mechanism could buffer 
the effects of fragmentation on meadow dynamics needs to be investigated in order to improve the 
predictions of possible ecological consequences of burial and loss of clonal integration on seagrass 
meadows. Even if clonal integration is maintained, an increased burial frequency and intensity 
could affect runner performance by offsetting resource translocation from older to newly produced 
ramets. This could potentially have long-term consequences for meadow colonization and 
resilience. A better understanding of how clonal fragments will respond to abiotic stress factors is 
critical to assess disturbance recovery potential of individual seagrass species and to determine 
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more effective restoration actions and conservation approaches in order to mitigate the effects of 
incoming global change.  
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Chapter 8 
 
Interactive effects of clonal integration, size of clonal fragments and sand burial on 
 Sporobuls virginicus 
 
8.1 Introduction 
 
Clonal rhizomatous or stoloniferous plants rely on horizontal growth to explore new territories 
and exploit resources in heterogeneous environments (Eriksson 1986; de Kroon & Schieving 1990; 
Lenssen et al. 2005). Horizontal growth is controlled by the apex of the main rhizome axes which 
exerts apical dominance on secondary axes (Salisbury & Ross 1992). Numerous studies have shown 
that the resources essential for the production of new ramets (Tomlinson 1974, Duarte & Sand-
Jensen 1996, Terrados et al. 1997) are generally transferred to the apex from older ramets through 
physiological integration (Pitelka & Ashmun 1985; Kelly 1995 Oborny & Kun 2002). The 
longevity of clonal integration is highly variable among species and depends on a species’ habitat 
(D’Hertfeldt & Jónsdóttir 1999). Plants inhabiting spatially heterogeneous, highly disturbed 
environments, such as coastal sand dunes (Kachi & Hirose 1983; Gibson 1988; Maun 1994; Stallins 
& Parker 2003), require active integration (Pitelka & Ashmun 1985; Salzman & Parker 1985; 
D’Hertefeldt & Jonsdottir 1999). In such environments, resources are generally scarce and patchily 
distributed in space, thus an extended physiological connection may assure the necessary resources 
to support the growth of ramets experiencing local unfavourable conditions and abiotic stresses 
(Jónsdóttir & Watson 1997; Oborny & Kun 2002). A number of studies have shown the importance 
of clonal integration in mediating the response of dune plants to abiotic stresses such as nutrient 
scarcity (Evans 1991; Alpert 1999; D’Hertefeldt & Falkengren-Grerup 2002), shading (Alpert & 
Mooney 1986; Evans 1991; Alpert 1999), drought (Evans 1991, D’Hertfeld & Falkengren-Grerup 
2002), and sand burial (Bach 2000, 2001; Yu et al. 2004). However, few studies have examined the 
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combined effect of loss of clonal integration and abiotic stresses on the performance of clonal 
fragments (Evans & Whitney 1992; Dong & Alaten 1999). In dune environments, physical 
disturbances from strong winds and storms can frequently break rhizomes on unconsolidated areas 
into clonal fragments of different sizes (Komar 1998; Stuefer & Huber 1999). Such fragments may 
rely mainly on reserves stored in the rhizome to survive and recover from stresses. Their ability to 
grow is critical for successful establishment and maintenance of plant populations in such disturbed 
habitats (Kelly et al. 2001). One of the main abiotic stress factors that can potentially reduce the 
regeneration ability of clonal fragments is burial by wind-deposited sand (Maun 1998). Field and 
laboratory studies have shown that dune species are tolerant to moderate burial events, but may 
show high mortality rates at burial depths exceeding 50% of plant height (Maun 1998, 2004, 2009; 
Kent et al. 2001). Loss of clonal integration and sand burial could act in a synergic way on rhizome 
fragments, giving rise to complex effects that may not be predicted by knowing the individual 
effects of the factors. Complexity in predicting the effects of simultaneous stresses may be further 
increased by the spatial scale at which clonal fragmentation occurs (Kelly et al. 2001). Since the 
amount of stored reserves is usually correlated to rhizome length (Harris & Davy 1986; Callaghan 
et al. 1992; Klimes et al. 1993), the ability of fragments to respond to stresses is expected to be 
dependent on their size. Currently, field experimental evidence on the capability of clonal fragments 
to recover from burial and the influence of fragment size on this capability, is still lacking. This 
information is critical in face of global change effects on sand dune ecosystems (Schlacher et al 
2007). The impact of anthropogenic factors (such as grazing cattle, trampling, recreational 
activities, off roads vehicles, alterations to coastal sediment supply and transport processes) that 
may result in physical fragmentation of dune plants and/or increased burial severity is increasing at 
an unprecedented rate (Komar 1998; Stuefer & Huber 1999; Schlacher et al 2007). Moreover, the 
frequency and intensity of extreme meteorological events, including storms and storm surges, will 
increase as result of global climate change (Easterling et al. 2000; Harley et al. 2006; Gornish & 
Miller 2010), potentially enhancing the severity of sand burial and the frequency of physical 
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fragmentation of established plant clones. Therefore, understanding and anticipating the response of 
individual plant species to the combined effects of fragmentation and burial may be crucial in order 
to forecast incoming changes and develop effective dune management and conservation strategies.  
To address this need, a factorial experiment aimed at exploring the individual and interactive 
effects of clonal fragmentation, fragment size and sand burial (complete burial) on performance and 
biomass partitioning was conducted on apical plagiotropic rhizomes (i.e. runners) of a dune-
building species, Sporobolus virginicus Kunth (Poaceae), in a Mediterranean dune system. This 
species was chosen as model because of its worldwide distribution and fundamental role in 
stabilizing sand dune substrates (Leithead 1971; Woodhouse 1982; Balestri et al. 2012). Little is 
still known on the ecology and growth pattern of this species (Breen et al. 1977; Naidoo & Naidoo 
1992; Alegro et al. 2003; Gratani et al. 2007; Balestri et al. 2012). Specifically, the main objective 
of the study were to evaluate (a) how physiological integration influence plant response to burial, 
(b) whether loss of integration may synergistically act with burial causing a reduced regeneration 
capacity of the species, i.e. their combined effect would be stronger than what could be predicted by 
knowing the individual effects of the two factors, and (c) whether the ability to recover from burial 
would be size-related, by examining the effects of the experimental factors on fragments of 
different length.  
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8.2 Materials and Methods 
 
8.2.1 Experimental design 
 
The experiment was conducted in Rosignano Solvay in the north-western Italy (43°22'43.10"N, 
10°26'15.77"E) on established Sporobolus virginicus stands (see Chapter 2 for description of 
species and study locality). In the study locality, three areas (i.e., stretches of the mobile dune, tens 
of square meters in size and tens of meters apart) were randomly selected at the edges of S. 
virginicus patches. Preliminary observations showed that these areas were similar for topography, 
exposition, S. virginicus cover and ambient burial levels. On late August 2010, intact unbrached 
apical rhizomes, i.e. runners, centrifugally extending from S. virginicus patches, and connected to 
the mother clone, were selected in each area In each area, runners were divided into two different 
size categories, according to the number of internodes, short runners with sixth internodes and long 
runners with twelve internodes, and tagged with plastic cable labels. Clonal integration was then 
manipulated either by severing connections among daughter and mother ramets in runners behind 
the tag with a sharp blade inserted in the substrate, or leaving connection intact. The two size 
categories chosen for the study were representative of the range of sizes of naturally detached 
fragments most frequently observed in the study area (personal observation). For each runner, 
rhizome length, number of shoots, maximum shoot height and number of roots were recorded on 
the portion of rhizome between the apical meristem and the tag.   
The experiment started on 1 September 2010 and it was arranged as a randomized unreplicated 
block design. In each area (block), four runners of each of the two different categories were 
subjected to four different treatments according to a factorial combination of burial (two levels, no 
burial and complete burial) and clonal integration (two levels, connection and interruption). 
Runners assigned to burial treatments were covered by sand from the apical meristem to the tag and 
up to 100% of their height. This height corresponded to a maximum of ca. 6 cm. which was similar 
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to the maximum mean net sand accretion observed in the study area during a three-month period 
(ca. 5 cm; preliminary personal observation). The sand used for burial treatments during the course 
of the experiment was collected to a depth of maximum 10 cm closely to the treated plants; it was 
sieved to remove propagules and extraneous material prior to the use. As the experiment was trying 
to simulate recurrent burial events, runners were weekly reburied to the experimental originally 
attributed burial level. Runners were monitored at weekly intervals until the end of the experiment 
and at each census, plants were carefully inspected for herbivore damage because of its potential 
influence on plant growth (Bach 1998) and the height of newly produced shoot tissue was 
measured. The net sand accretion/erosion rate at the study dune system over the study period was 
estimated by monitoring changes in the level of sand deposition relative to erosion pins (20 pins) 
randomly placed along a transect parallel to the shoreline. The height of erosion pins was measured 
fortnightly with an accuracy of 1-2 mm.  
At the end of the experiment (24 November 2010), runners were carefully harvested and 
transported to the laboratory where morphological characteristics that were expected to be affected 
by the investigated factors on the basis of available literature (horizontal rhizome length, number of 
shoots, branches and roots, maximum shoot height, number and length of vertical internodes 
measured on the highest shoot, and the number of reproductive shoots per plant; Maun 1998, 2004, 
2009; Yu et al. 2002, 2004; Gilbert et al. 2008, Gilbert & Ripley 2008, 2010; Dong et al. 2011) 
were recorded. Relative rhizome elongation was calculated as the change in rhizome length during 
the experimental period, divided by initial rhizome length, and expressed as percentage. Plants were 
then separated into shoots, roots and rhizomes and dried at 60 °C until they reached constant weight 
(dry weight, DW) to determine the respective biomasses. In addition, to investigate plant response 
in terms of resource allocation and efficiency of production, root to shoot ratio, specific shoot 
height, specific rhizome length and specific root length were calculated. Root to shoot ratio, which 
reflects the differential investment of photosynthates between the above-ground and below-ground 
organs (Titlyanova et al. 1999), was calculated by dividing root by shoot biomass (g g-1 DW). 
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Specific lengths, which are considered an indicator of the dry mass cost of tissue producing (Ryser 
1998; Gilbert & Ripley 2008; Dong et al. 2011), were calculated as the ratio between total length 
and dry weight of shoots, roots and rhizomes (cm g-1 DW).   
 
8.2.2 Data analysis  
At the beginning of the experiment, main morphological variables (rhizome length, number of 
shoots, number of roots, maximum shoot height) were analysed throughout multivariate analysis of 
variance by permutation, PERMANOVA (Mc Ardle & Anderson 2001), to assess if runners 
randomly assigned to different experimental treatments were homogeneous. Fragment of each of 
the two experimentally attributed size categories were separately analyzed according to an 
unreplicated randomized block design including orthogonal factors block (three levels, random 
effect) and treatment of assignation (four levels, random). Final data on morphological and growth 
variables (number of shoots, number of branches, number of roots, maximum shoot height, shoot 
internode length, and biomass of shoots, rhizomes and roots) were analyzed through 
PERMANOVA according to a mixed model design that included the orthogonal factors rhizome 
length (two levels, random), clonal integration (two levels, fixed), burial (two levels, fixed) and 
block (three levels, random). Since significant effects were detected in PERMANOVA on final 
data, separate ANOVAs were performed for all investigated variables according to the same model. 
Separate ANOVAs were also conducted on total plant biomass, relative rhizome elongation, root to 
shoot ratio, specific shoot height and specific rhizome and root length. Since no effects of block 
were detected for any of the variables examined, both in multivariate and univariate analyses, block 
was dropped as a factor from all of the analyses.  
Prior to PERMANOVA, data were normalized and dissimilarities calculated as Euclidean 
distances. Significance levels were calculated from 9999 permutations of the residuals under the 
reduced model. Whenever possible, post hoc pooling of mixed terms of the model was performed to 
increase analysis power (Underwood 1997; Anderson et al. 2008). When a significant effect was 
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found, post hoc pair-wise comparisons (PERMANOVA t statistic and 999 permutations) were used 
to distinguish between means. For some terms, there were not enough permutable units to get a 
reasonable test by permutation, so P-values were obtained using a Monte Carlo random sample 
from the asymptotic permutation distribution (Anderson et al. 2008). Statistically significant terms 
were checked for differences in multivariate group dispersion with the permutational analysis of 
multivariate dispersions (PERMDISP; Anderson 2006); pair-wise comparisons of multivariate 
dispersion were also performed between all couples of groups. Prior to performing ANOVAs, data 
were tested for normality and homoscedasticy, and transformed if necessary. Whenever data 
transformation failed to achieve homogeneity of variances, the analysis was performed on 
untransformed data with α = 0.01 (Underwood 1997). When significant effects were detected, 
means were compared through the Student-Newman-Keuls (SNK) test (Underwood 1997). As for 
the multivariate analysis, post hoc pooling of mixed interaction term was applied whenever 
possible. The height of the sand deposed on buried plants at the end of the experiment was 
compared across runners of the two lengths by means of a Student’s t test for independent samples 
(Sokal & Rohlf 1981).  
PERMANOVA and PERMDISP were run through PRIMER v6 (Primer-E Ltd., Plymouth; 
Clarke & Gorley 2006) with PERMANOVA add-on software, while statistical software R version 
2.12.2 (R Development Core Team 2011) and R package “GAD” (Sandrini-Neto & Camargo 2011) 
were used for ANOVAs.  
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8.3 Results 
 
Before the start of the experiment, runners from each of the two size categories randomly 
assigned to the different treatments had similar rhizome length and morphological characteristics 
(Table 8.1). The rhizome of short runners was 24 (± 2.8 SE) cm long, while that of long rhizome 
was 54.4 (± 4.53) cm long. Short runners had on average 1.1 (± 0.43) shoots, with a mean 
maximum shoot height of 1.9 (± 0.7) cm, and 0.7 (± 0.35) roots, while long runners had on average 
1.5 (± 0.6) shoots, with a mean maximum shoot height 1.75 (± 0.66) cm, and 0.9 (± 0.33) roots.  
 
Table 8.1 PERMANOVA analyses on Euclidean distances of main morphological variables 
(number of shoots, number of roots, rhizome length, maximum shoot height) of runners randomly 
assigned to different treatments at the beginning of the experiment. Runners of the two different 
lengths are separately analyzed.  
 
 
Short fragments Long fragments 
Source d.f. MS Pseudo-F P MS Pseudo-F P 
 
Treatment 3 5.79 1.74 0.115 5.57 1.63 0.129 
Residual 8 3.33   3.41   
 
 
 
All runners survived until the end of the experiment (100% survival) and had produced at least a 
new shoot or branch. The mean height of sand deposed on runners was 4.8 (±1.7) cm for short 
rhizomes and 5.7 (±1.1) cm for long rhizomes. Deposed sand height did not significantly differ 
between the two categories of runners (t = 0.38, P = 0.71) and it was close to the mean total sand 
deposition, 4.2 (± 1.04) cm, experienced by plants grown at ambient conditions over the three-
month experimental period along the study dune system (Fig. 8.1).  
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Figure 8.1 Ambient burial levels in the study area: net changes in sand accumulation (cm) 
relative to erosion pins (n = 20) placed along a transect parallel to the coastline at the study dune 
system. Data were recorded fortnightly from 1 September to 24 November 2010. Bars represent ± 1 
SE.  
 
Whole fragment growth was significantly influenced by burial. A significant interaction between 
runner length and integration was also detected (Table 8.2). Overall, runners in which physiological 
integration was maintained (connected runners) significantly differed from runners in which 
integration was severed (unconnected runners), regardless of their initial rhizome length. When 
clonal integration was maintained, whole growth of short runners differed from that of long ones, 
while this difference was not observed when integration was removed (Table 8.3). Since no 
differences in multivariate dispersion were detected among any of the significantly differing groups 
(PERMDISP test for burial: F1, 22 = 0.03, P = 0.881; PERMDISP test for length x integration term: 
F3, 20 = 3.621, P = 0.102), observed effects may be ascribed to the investigated factors rather than to 
heterogeneity in multivariate dispersion.   
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Table 8.2 PERMANOVA on Euclidean distances of runners of two different lengths, subjected 
to different experimental treatments according to a combination of clonal integration and burial in 
the study dune system. Variables of interest were number of shoots, branches and roots, maximum 
shoot height, mean shoot internode length, and biomass of shoots, rhizome and roots.  a Denotes 
post-hoc pooling, P > 0.25; new F-values are given for those tested against the pooled term. Each 
test was based on 9999 permutations of residuals under the reduced model 
 
 
 
Source d.f. MS Pseudo-F P 
 
Length = L 1 12.95 2.48 0.025 
Integration = I 1 38.48 1.87 0.284 
Burial = B 1 11.91 2.28 0.038 
L x I 1 20.60 3.94 0.001 
L x B 1 3.11a   
I x B 1 5.91 1.13 0.352 
L x I x B 1 6.18a   
Residual 16 5.30a 
 
 
 
Table 8.3 Result of a posteriori pair-wise comparisons for the significant length x integration 
interaction term, evidenced in PERMANOVA (Table 8.2). Levels of integration (Int+ = integration 
present, Int- = integration severed) and runner length (Sh= Short runners, Lo = long runners) are 
compared. t-test probabilities are uncorrected results generated by PERMANOVA on paired 
groups. Each test was based on 9999 permutations of residuals under the reduced model.  
 
 
Length x Integration Contrast t P 
 
 Short rhizomes Int+, Int- 2.23 0.009 
 Long rhizomes  Int+, Int- 2.48 0.003 
 Integration present Sh, Lo 1.87  0.006 
 Integration severed Sh, Lo 1.59 0.064 
 
 
The results from separate ANOVAs showed that for three out of the eight investigated 
morphological and growth variables (number of roots, shoot biomass and rhizome biomass), the 
effect of runner length, integration and burial were additive (i.e. no significant interaction between 
factors occurred). Shoot biomass was two times higher in connected runners (Table 8.4; Figure 8.2 
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K, L), and rhizome biomass was two times higher in long runner than in short ones (Table 8.4; Fig. 
8.2 M, N). A main effect of all of the three factors was found for the number of roots, which was ca. 
two-three times higher in long than in short runners and in connected rather than severed runners. 
Buried runners also had a double number of roots in comparison to unburied ones (Table 8.4; Fig. 
8.2 E, F). For the other five variables, a significant interaction between runner length and 
integration was observed. For number of shoots, maximum shoot height and internode length, a 
negative effect of loss of integration was observed, but only in short runners. In particular, short 
runners in which integration was still present had five times more shoots, five times higher shoots 
and three-fold longer shoot internodes in comparison with those in which integration was 
interrupted (Table 8.4; Fig. 8.2 A, B, G-J). Instead, for number of branches and root biomass, a 
significant difference between connected and unconnected plants was detected in long runners only. 
Connected long runners produced four times more branches and a twelve times higher root biomass 
than unconnected runners of the same initial size. Moreover, when integration was maintained, 
branch production was higher in long than in short runners (Table 8.4; Fig. 8.2 C, D, O, P). For root 
biomass, along with the interaction between runner length and clonal integration, a main effect of 
burial was also evidenced, as root biomass showed a two-fold increase in buried plants. Lastly, a 
significant interaction between burial and clonal integration was detected for maximum shoot 
height. Shoot height was significantly higher in connected runners, but only when they were 
unburied (Table 8.4; Fig. 8.2 G, H). 
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Figure 8.2 Morphological and growth variables of short and long Sporobolus virginicus runners 
subjected to different treatments according to a factorial combination of clonal integration and 
burial: a, b) number of shoots; c, d) number of branches; e, f) number of roots, g, h) maximum 
shoot height; i, j) internode length, and biomass of k, l) shoots, m, n) rhizomes, and o, p) roots. NB 
= no burial, B = burial. Int + = clonal integration present, Int - = clonal integration severed. Data are 
mean ± 1 ES. n = 3. 
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Table 8.4 Results of ANOVA for morphological and growth variables of Sporobolus virginicus 
runners of two different lengths, subjected to different experimental treatments according to a 
combination of clonal integration and burial. a Denotes post-hoc pooling, P > 0.25; new F-values 
are given for those tested against the pooled term. Results of SNK tests are also reported. Lo = long 
rhizomes, Sh = short rhizomes; Int+ = Integration present, Int- = Integration severed. NB = no 
burial, B = burial. * = P < 0.05, ** = P < 0.01.  
 
 
 No. shoots No. branches No. roots  
 
Source d.f. MS F MS  F MS F 
 
Length = L 1 0.09 0.15 35.04 6.74* 117.04 9.92** 
Integration = I 1 5.19 1.90 45.38 1.00 108.38 9.19** 
Burial = B 1 0.02 0.04 9.38 0.78 100.04 8.48** 
L x I 1 2.73 4.55* 45.38 8.73* 15.04a  
L x B 1 0.45a  12.04 2.32 0.04a  
I x B 1 0.60 0.29 0.38 0.07 5.04 0.43 
L x I x B 1 2.06 3.44 1.04a  7.04a  
Residual 16 0.61a  5.46a  12.63a  
 
SNK Sh: Int+ > Int- Lo: Int+ > Int-  
 Int+: Lo > Sh  
 
 Shoot heigth (cm) Internode length (cm) Shoot biomass (g DW) 
 
Source d.f. MS F MS  F MS F 
 
Length = L 1 0.50 1.45 0.004 0.05 0.02 0.87 
Integration = I 1 4.78 2.31 0.51 1.11 0.12 4.63* 
Burial = B 1 0.01 0.03 0.13 1.55 0.08 3.19 
L x I 1 2.07 5.94* 0.46 5.26* 0.01a  
L x B 1 0.07a  0.01a  0.02a  
I x B 1 1.67 4.79* 0.02 0.23 0.07 2.77 
L x I x B 1 0.45a  0.12a  0.002a  
Residual 16 0.36a  0.09a  0.03a  
        
SNK Sh: Int+ > Int- Sh: Int+ > Int-    
 NB: Int+ > Int- 
 
 Rhizome biomass (g DW) Root biomass (g DW)    
  
Source d.f. MS F MS  F   
 
Length = L 1 0.41 5.60* 0.17 0.10   
Integration = I 1 0.54 3.22 4.52 0.39   
Burial = B 1 0.08 1.07 13.85 8.68**   
L x I 1 0.17 2.28 11.52 7.22*   
L x B 1 0.02a  0.19a    
I x B 1 0.06 0.84 0.09 0.06   
L x I x B 1 0.05a  0.01a    
Residual 16 0.07a  1.78a    
 
SNK Lo Int+ > Int-    
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Total plant biomass production was significantly higher (ca. double) in connected runners (Table 
8.5, Fig. 8.3 A, B). For relative rhizome elongation, a significant interaction between integration 
and burial was detected. Buried runners tended to grow more that unburied ones (70% increase in 
rhizome length for buried runners vs. 30-40% for unburied ones), but only when clonal integration 
was maintained. Moreover, a significant difference between connected and unconnected plants was 
observed only in buried conditions (Table 8.5, Fig. 8.3 C, D). For biomass allocation, expressed as 
root to shoot ratio, a main effect of burial and a significant interaction between integration and 
initial runner length were observed. Root to shoot ratio was about ten times higher in buried than in 
unburied runners. Moreover, an increase in root to shoot ratio was observed in unconnected short 
runners, (Table 8.5, Fig. 8.3 E, F). Integration loss positively affected specific shoot height, which 
was ca. three times higher in unconnected runners than in connected ones (Table 8.5, Fig. 8.3 G, H). 
Specific root length was three times higher in buried than in unburied plants (Table 8.5, Fig. 8.3 K, 
L). Lastly, no significant effect of any of the investigated factors was evidenced for specific 
rhizome length (Table 8.5, Fig. 8.3 I, J).        
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Figure 8.3 Production, allocation and dry mass cost of short and long Sporobolus virginicus 
runners subjected to different treatments according to a factorial combination of clonal integration 
and burial. a, b) total biomass; c, d) relative rhizome elongation, expressed as percentage of the 
initial length; e, f) root to shoot ratio; g, h) specific shoot height, i, j) specific rhizome length and k, 
l) specific root length. NB = no burial, B = burial. Int + = clonal integration present, Int - = clonal 
integration severed. Data are mean ± 1 ES. n = 3  
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Table 8.5 Results of ANOVA for production, biomass allocation and dry mass production cost 
variables of Sporobolus virginicus runners of two different lengths, subjected to different 
experimental treatments according to a combination of clonal integration and burial. a Denotes post-
hoc pooling, P > 0.25; new F-values are given for those tested against the pooled term. Results of 
SNK tests are also reported. Lo = long rhizomes, Sh = short rhizomes; Int+ = Integration present, 
Int- = Integration severed. NB = no burial, B = burial. * = P < 0.05, ** = P < 0.01.  
 
 
 Total biomass (g DW) Relative rhizome  Root to shoot ratio 
 elongation (%) 
 
Source d.f. MS F MS  F MS F 
 
Length = L 1 0.94 3.20 0.01 0.01 0.02 0.02 
Integration = I 1 3.20 10.86** 1.26 1.22 1.20 0.19 
Burial = B 1 0.09 0.31 1.06 0.46 8.85 7.47* 
L x I 1 0.42a  0.89a  6.22 5.25* 
L x B 1 0.0a  2.28 2.20 0.03a  
I x B 1 0.28 0.96 7.28 6.99* 0.42 0.12 
L x I x B 1 0.12a  < 0.001a  3.37 2.84 
Residual 16 5.04a  1.11a  1.26a  
        
SNK Int +: B > NB Sh: Int- > Int+ 
 B: Int+ > Int-    
 
 Specific shoot height Specific rhizome length Specific root length 
 (m g-1 DW) (m g-1 DW) (m g-1 DW)  
 
Source d.f. MS F MS  F MS F 
 
Length = L 1 17.01 2.41 0.13 1.58 12.77 1.51 
Integration = I 1 44.34 6.29* 0.21 1.30 0.36 0.04 
Burial = B 1 21.92 3.11 0.06 0.74 38.98 4.62* 
L x I 1 7.68a  0.16 2.01 5.03a  
L x B 1 0.53a  0.01a  11.67a  
I x B 1 6.70 0.95 0.12 1.50 0.02 0.00 
L x I x B 1 1.76a  0.002a  15.41a  
Residual 16 7.75a  0.09a  8.02a  
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8.4 Discussion 
 
The results show that loss of clonal integration did not result in the death of isolated clonal 
fragments of Sporobolus virginicus; nonetheless, it had a relevant impact on fragment growth. 
Detrimental effects of clone fragmentation were detected for eleven out of a total of fourteen 
morphological, growth and biomass allocation variables. Some effects of clonal integration loss, 
such as a net decrease in shoot biomass, number of roots and total plant biomass, were observed in 
all unconnected compared to connected runners, regardless of their initial size. An increase in 
specific shoot height was also observed in all unconnected runners, suggesting that in absence of 
resource translocation from older parts of the clone, their growth was achieved by reducing the dry 
mass costs of shoot production, i.e. producing thinner shoots. Reduction of biomass costs may be a 
strategy that enables the species to colonize new areas through regeneration of vegetative 
propagules produced by disturbances. Most other effects of clonal fragmentation (seven out of 
eleven variables), however, depended on the initial size of the clone fragment. A decrease in 
production of shoots, plant height and allocation of biomass to above-ground plant parts as a result 
of loss of physiological integration was observed in short runners only, indicating that shoot 
production in the youngest part of the clone (at least up to a distance of six nodes from the apex) 
may strongly depend on resource translocated from older ramets.  
In long runners, loss of clonal integration did not affect the development of aerial parts, but it 
reduced the branching frequency. Long runners produced a higher number of branches than short 
ones, but only when connected to the rest of the clone. Numerous studies have shown that high 
availability of resources, either locally or acquired through integration, decreases apical dominance 
and promotes branching (Evans 1992; de Kroon & Hutchings 1995; Jónsdóttir & Watson 1997). 
Therefore, increased branching in long connected runners was probably due to the concomitant 
effects of weakening of apical dominance with distance from the apex, which resulted in a higher 
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probability of branching in older ramets (Salisbury & Ross 1992, Watson et al. 1997), and higher 
availability of resources through translocation from the mother clone.  
 Overall, the results suggest that in unconnected runners of the smaller size here examined, the 
capability to expand the photosynthesizing surface, and thus to acquire carbohydrates, could be not 
high enough to ensure long-term plant survival and space colonization. The different response 
evidenced in short and long runners are probably related to differences in the physiological status 
between the two runner categories. Shorter runners likely have a lower number of mature ramets 
capable of autonomously acquiring resources from the environment, and therefore their degree of 
dependence to clonal integration is higher (Suzuki & Stuefer 1999, Schwarzschild & Zieman 2008). 
Moreover, in shorter runners the amount of resources stored in the rhizome is lower as well (Harris 
& Davy 1986; Callaghan et al. 1992; Klimes et al. 1993). Previous studies have reported an 
increasing effect of fragmentation at decreasing clonal fragments sizes in several terrestrial clonal 
plants (Jonsdottir & Hutchings 1997; Dong et al. 2011), as well as in seagrasses (e.g. Terrados et al. 
1997; Schwarzschild & Zieman 2008). 
S. virginicus runners showed a high capability to withstand burial. All runners were able to 
survive and grow in isolation from the rest of the clone under buried conditions, and to emerge from 
levels of prolonged sand accretion equal to the total amount of sand they usually receive in nature in 
a three-month period. This high tolerance to burial is consistent with the S. virginicus role of 
colonizer in unconsolidated and frequently disturbed areas of the dune system. A similar tolerance 
to complete burial has been documented only for a few species such as Ammophila spp. (Ranwell 
1958; Sykes & Wilson 1990; Maun 2009). However, these studies were conducted in established 
populations in which buried plants could have been supported by clonal integration with the rest of 
the clone. In the majority of mobile-dune species, moderate amounts of burial (up to 50% of the 
plant height; Maun 1998) had stimulatory effects on stem elongation and total biomass production 
compared to unburied plants, while higher amounts of burial had inhibitory effects (Maun 1998, 
2004; Gilbert & Ripley 2010). Complete burial is known to reduce net photosynthesis and 
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carbohydrate production (Harris & Davy 1988) in plants, hence elongation of stems and 
regeneration of the lost photosynthetic capacity is vital in dune habitats (Brown 1997). Evidence for 
a shift in the allocation of resources from below-to above ground plant parts has also been reported 
(Maun et al. 1996; Brown 1997), even if recent data suggests that such shift is only possible at low 
burial levels (up to 66% of plant height, Gilbert & Ripley 2010). In the current study, complete 
burial did not result in detrimental effects on plant growth, and reactive shoot growth was not 
observed both in connected and unconnected runners. On the other hand, our results indicate that 
runners responded to burial by increasing root number and biomass, regardless of the presence of 
clonal integration. Enhanced development of the root system was attained through two 
simultaneous mechanisms, a shift in biomass allocation from above- to below-ground plant organs, 
and a decrease in the cost of root dry mass production. Enhanced development of roots in buried 
plants has not been frequently documented in previous studies. Laboratory studies conducted on 
seedlings of Cakile edentula (Bigel.) Hook (Zhang 1996) and Triplasis purpurea (Walt.) Chapm. 
(Cheplick & Grandstaff 1997) evidenced an increase in the root to shoot ratio and root biomass, 
respectively, in buried plants. Similarly, increased root biomass has been detected in a manipulative 
experiment conducted on naturally occurring plots of A. breviligulata (Disraeli 1984). The higher 
production of roots reported in buried plants might be due to burial-driven changes in soil 
conditions, such as increased moisture and available soil volume, decreased temperature and 
aeration (Maun 1998).  
Moreover, an interaction between burial and clonal integration was detected, indicating that the 
net effect of the two factors on the species performance can not be predicted by their individual 
effects. Buried runners of S. virginicus emerged from the deposed sand layer by elongating the main 
rhizome axis, instead of elongating the aerial organs, but this response was possible only if clonal 
integration was maintained. To our knowledge, increased horizontal rhizome elongation in response 
to burial has been previously reported only on for one dune species, Ammophila breviligulata L. 
Link (Maun 1984).  
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Previous studies on the combined effects of burial and clonal integration generally evidenced a 
strong interaction between the two factors. Clonal integration was found to enhance survival, 
performance and compensatory response to burial in inland clonal species (Yu et al. 2002, 2004, 
Chen et al. 2010) and coastal dune perennial I. pes-caprae L. Roth (Bach 2000), while the 
combination of high levels of complete burial and fragmentation resulted in death of most 
experimental fragments (Yu et al. 2002, Chen et al. 2010). Similarly, in the present study the 
capability of S. virginicus to escape from to burial appeared to largely rely on the presence of clonal 
integration. 
In conclusion, the present study suggests that both clonal integration and burial affect the 
performance of S. virginicus runners, and that the combined effects the two factors may not be 
predicted by knowing the individual effects. Thus, the use of adequate experimental designs that 
simultaneously take into account multiple stress factors might be critical in obtaining a sound 
assessment of the consequences of possible global change-driven alterations on dune plants. S. 
virginicus runners have an inherently high tolerance to burial, and therefore they might withstand 
the predicted increase in frequency and severity of burial. However, loss of clonal integration due to 
fragmentation would reduce their ability to withstand burial. In the face of global change scenarios, 
it can be hypothesized that simultaneous enhancement of the severity of both factors could affect 
the colonization potential of the species on long term. Further studies on other clonal dune species 
should improve predictions on vegetation distribution and on consequence for substrate stabilization 
in the face of incoming changes.  
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Chapter 9 
 
General discussion and conclusions 
 
The present research evidenced that the coastal plant species Cymodocea nodosa and Sporobolus 
virginicus were able to withstand high levels of prolonged repeated sediment burial. High potential 
of survival in conditions of complete burial, which has rarely been reported in coastal plants (Maun 
1998, 2004, 2009; Cabaço et al. 2008), is consistent with the two species’ role of primary colonizer 
of unconsolidated substrate (Clayton et al. 1974; Caye & Meinesz 1985). However, the capability to 
effectively respond to burial and the mechanisms involved in such response varied between the two 
species and in function of the plant ontogenetic stage.  
The main adaptive response adopted by young adult clones of the two species in order to emerge 
from the imposed sediment cover consisted in an increase in length of vertical structures. 
Stimulation in vertical growth was particularly evident in S. virginicus, where increasing burial 
levels progressively enhanced elongation of the vertical shoot internodes and overall plant height. 
In C. nodosa, burial responses was spatially heterogeneous between sites separates by hundred of 
meters, however, at least in the site which allegedly presented more favorable conditions, increased 
elongation of leaf sheaths was observed in buried plants. Increased elongation of vertical plant 
structures (“reactive growth response”, Maun 1998) in response to burial has already been 
described for many dune species (see Maun 1998, 2004, 2009 and Kent 2001), and seagrassess (see 
Cabaço et al. 2008), including C. nodosa seedlings (Marbà & Duarte 1994; Terrados et al. 1997) 
and adult patches (Marbà et al. 1994; Marbà & Duarte 1995). This response is considered a key 
mechanism in plant burial tolerance (Marbà & Duarte 1994; Duarte et al. 1997; Gilbert et al. 2008; 
Gilbert & Ripley 2008, 2010), as it permits buried plants to relocate the shoot meristems closer to 
the surface, potentially avoiding adverse micro-environmental conditions in the sediment (e.g. 
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anoxia), and to regenerate the plant photosynthetic potential by reducing the proportion of leaf 
tissue that remains buried (Terrados et al. 1997).  
In C. nodosa, however, burial could also give rise to highly detrimental effects on plant 
performance, inducing shoot mortality and drastically reducing biomass production. These effects 
were observed only in one of the experimental sites, suggesting that local micro-environmental 
conditions, such as the small differences in sediment resuspension detected in the study system, 
may significantly modulate the consequences of sediment accretion on seagrassess and potentially 
offset species adaptive mechanisms. Conversely, local environmental conditions did not seem to 
affect S. virginicus burial responses. This could indicate that the dune species possesses a higher, 
inherent ability to respond to burial, regardless of local conditions; on the other hand, difference in 
the spatial consistency of the burial response could depend on the characteristics of the coastal 
habitats in which the examined species grow. In shallow marine habitats, the deposition of sediment 
over areas characterized by small-scale variations in environmental characteristics (substrate 
topography and granulometry, hydrodynamic regime, activity of burrowing organisms; Duarte et al. 
1997; Fonseca et al. 2008) may give rise to a heterogeneous distribution of small favorable and 
unfavorable patches. In particular, the establishment of anoxic conditions in the deposed sediment 
(Eldridge et al. 2004; Borum et al. 2005), in combination with suspension of the photosynthetic 
activities and consequent depletion of tissue oxygen reserves induced by burial, may result in plant 
exposition to toxic sulphides (Borum et al. 2005) and it has been linked with diffuse seagrass patch 
die-off (Seddon et al. 2000; Plus et al. 2003; Borum et al. 2005). 
Burial response described for C. nodosa and S. virginicus did not seem to depend on substrate 
resource availability. A positive effect of nutrient enrichment on plant ability to respond to burial 
has been already evidenced in some dune species (Gilbert et al. 2008) and has been also 
hypothesized for seagrasses (Cabaço et al. 2008). In the present research, both species appeared to 
be nutrient-limited, as increased nutrient availability in the soil positively affected the performance 
of young clones by enhancing rhizome extension, branching and biomass production; however, 
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nutrients did not affect the stimulatory elongation of vertical structures of buried plants. On the 
other hand, in both C. nodosa and S. virginicus, complete burial seemed to offset some of the 
stimulatory effects exerted by nutrient availability on plant growth. In particular, evidence of a 
decreased elongation of vertical internodes in buried C. nodosa plants simultaneously subjected to 
fertilization suggests that increased nutrient supply could have facilitated the establishment of 
sediment anoxia (Eldridge et al. 2004), potentially damaging the shoot meristems (Terrados et al. 
1999). This reinforces the hypothesis that anoxia may play a role in the responses of seagrasses, and 
potentially of dune species, to events of sediment accretion (Borum et al. 2005).  
Runners of the two species evidenced morphological, architectural and growth responses to 
burial that differed with those evidenced in small adult clones. In C. nodosa runners, other than 
enhancing the elongation of leaf sheaths already described for young clones, burial promoted lateral 
branching. On the other hand, runners of S. virginicus mainly attempted to emerge from the burial 
cover by increasing the horizontal rhizome elongation, which was supported by an enhanced 
development of the root system. The results suggests that runners of both species, rather than 
increasing vertical growth, aimed at escaping from the stress by enhancing horizontal growth and 
lateral spreading. This response was probably sustained by the control exerted by the apical 
meristem (Tomlinson 1974). In S. virginicus, however, the capability to increase rhizome growth as 
a consequence of burial depended on the presence of physiological integration between the runner 
and older parts of the clone. This is in accord with some previous studies, according to which clonal 
integration may represent an essential adaptive strategy of clonal plants inhabiting frequently 
disturbed habitats (Jónsdóttir & Watson 1997, Oborny & Kun 2002). Extended physiological 
connection between ramets would in fact assure the resources needed to support ramets 
experiencing unfavourable conditions, including local burial (Bach 2000, 2001; Yu et al. 2002, 
2004). Results of the present study imply that burial tolerance potential of S. virginicus may 
decrease as a consequence of clone fragmentation; however, it is not clear whether and to what 
extent this reduction in performance may affect long-term population dynamics of the species. 
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Interestingly, no evidence of a mediating role of clonal integration in supporting the growth of 
buried apical fragments was evidenced for C. nodosa, even if it has been established that runner 
elongation in the species largely rely on resources translocated from the older parts of the clone 
(Terrados et al. 1997a, b). On the other hand, burial dampened the positive effects exerted by 
resource translocation. This provides further evidence of the potentially deleterious effects of burial 
on the seagrass species.   
From an evolutionary standpoint, a relative independence of burial response potential from 
resource availability, either local nutrient supply and/or resources acquired from physiologically 
integrated parts of the clone, may have been positively selected as a consequences of the nutrient 
shortage and high disturbance levels typically encountered in many coastal habitats. Many 
seagrasses are adapted to oligotrophic conditions (Romero et al. 2006), and in coastal sand dunes 
nutrients are usually scarce and spatially and temporally heterogeneous (Chapin 1980; Crick & 
Grime 1987). Moreover, coastal habitats are frequently subjected to physical disturbance events of 
natural and anthropogenic origin (Komar 1998, Hemminga & Duarte 2000; Kenworthy et al. 2002; 
Cabaço et al. 2005, Schlacher et al. 2007) which may lead to fragmentation of established plant 
clones. Therefore, the development of adaptive strategies that allow plants to respond to burial even 
in conditions of nutrient limitation and/or physiological isolation would relevantly enhance coastal 
species colonization potential (Gilbert et al. 2008).  
Adaptive strategies are often associated with a particular pattern of allocation (e.g. of a limiting 
resource) that maximizes fitness in a given environment (Solbrig 1994). Many adaptive strategy 
theories based on allocation patterns in plants define strategies in terms of biomass allocation and 
suggest that plants may optimize their growth and performance by selectively investing biomass in 
the development of organs that acquire the most limiting resource (Bloom 1985). Biomass 
allocation to above versus below ground structures in order to support vertical elongation has been 
commonly reported in dune plants as a response to burial (see Gilbert & Ripley 2010), while the 
opposite pattern, i.e. increased allocation to roots, has been rarely detected in buried plants (Disraeli 
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1984; Zhang 1996; Cheplick & Grandstaff 1997). Recently, it has been suggested that dune plants 
may optimize resources utilization in response to burial by decreasing their cost of biomass 
production, i.e. producing thinner, lighter organs (Gilbert & Ripley 2008).  
In the present research, no evidence of active utilization of such strategies to respond to burial 
was evidenced for C. nodosa. An increase in the root to shoot ratio was detected in young clones 
which showed highly detrimental effects of burial; however, it was probably a consequence of shoot 
mortality rather than an active response to stress. On the other, S. virginicus seemed capable of 
applying both strategies in order to emerge from burial; however, the specific pattern of application 
varied as a function of ontogenetic stage. Elongation of vertical structures detected in young clones 
was supported by a decrease in the cost of shoot biomass production, while in buried runners a 
decrease in biomass cost was observed for root production. At the same time, runners shifted their 
resource partitioning in order to favor root development. The plasticity evidenced by this species in 
shifting patterns of resource allocation as a consequence to burial, regardless of effective 
environmental resource availability, reinforces the hypothesis that S. virginicus possesses inherent 
mechanisms specifically evolved to reactively respond to sediment accretion. The lack of active 
allocation responses in C. nodosa, together with the range of negative effects of burial described for 
the species could imply that this species presents a lower degree of adaptation to burial disturbance. 
This is in accord with current views that define seagrass species as highly vulnerable to burial 
disturbance.  
Results of the present research, in addition to increasing the available knowledge on burial 
responses of young individuals of two coastal species of high ecological value, provide information 
that could be useful for the prediction of possible scenarios induced by global anthropogenic 
change. Overall, the results suggest that the simultaneous increase of burial severity, nutrient 
enrichment and clonal fragmentation would affect coastal vegetation through complex interactive 
effects, making it difficult to predict their net effects on plant performance and habitat stability. 
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In particular, forecasted increases of burial severity, exacerbated by increasing nutrient loading, 
would exceed the tolerance potential of small seagrass species such as C. nodosa and Zostera noltii 
Hornemann, and dramatically affect survival, disturbance recovery and colonization potential of 
young plants and vegetative fragments. Moreover, seagrass ability to cope with burial may be 
severely influenced by other local environmental factors even at small spatial scales, increasing the 
uncertainty in prediction of possible future scenarios. 
The higher degree of evolutionary adaptation in mobile dune plants such as S. virginicus might 
reduce the possibility of dramatic effects of burial; however, high levels of sediment accretion can 
interfere with exploitation of nutrient pulses. Thus, the species would not benefit from forecast 
increasing nutrient loading when buried. Moreover, the dependence to burial response from the 
presence of clonal integration would likely enhance the vulnerability of dune clonal species to the 
combined effect of simultaneous burial and physical clone fragmentation. 
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